P22 arc--energetics and cooperativity of DNA binding by Brown, Bronwen Marylouise
P22 Arc: Energetics and
Cooperativity of DNA Binding
by
Bronwen Marylouise Brown
B.A., Biology
Williams College
May 1984
Submitted to the Department of
Fulfillment of the Requirements
Biology
for the Degree of
Doctor of Philosophy
at the
Massachusetts Institute of Technology
February 1994
C 1994 by Bronwen Marylouise Brown. All rights reserved.
The author hereby grants to MIT permission to reproduce and to
distribute copies of this thesis document in whole or in part.
Signature of Author
Certified by Robert T. Sa er, Thesis Supervisor
/ _.
· ~ i . ....
Accepted by Frank Solomon, Chairman, Big~.i..1 Committee
FEB 09 1994
in Partial
2P22 ARC: ENERGETICS AND COOPERATIVITY
OF DNA BINDING
by
Bronwen Marylouise Brown
submitted to the Department of Biology in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
ABSTRACT
This thesis describes the in vitro characterization of the DNA-binding
reaction of bacteriophage P22 Arc repressor which uses an N-terminal P-sheet
to bind DNA. Mutagenesis studies are used to assess the functional role of
protein residues involved in contacting DNA or in the dimer-dimer interface
and are interpreted in terms of the wild-type cocrystal structure of the Arc-
operator complex. Chapters 2 and 3 have been published (see below) and
predate the structural data referred to in chapter 4.
Chapter 1 presents information about the cooperativity in DNA-
binding for several well-characterized systems and discusses the advantages
cooperativity introduces into DNA-binding proteins and gene regulation.
Chapter 2 describes the stoichiometric and kinetic characterization of
the Arc-operator binding reaction. Arc is shown to bind its operator as a
tetramer. The binding reaction is highly cooperative (Hill constant = 3.5) and
involves at least two coupled equilibria. In the first reaction, two unfolded
monomers interact to form a folded dimer (Bowie and Sauer, 1989a). Rapid
dilution experiments indicate that the Arc dimer is the kinetically significant
DNA-binding species and allow an estimate of the equilibrium dissociation
constant for dimerization (K1 = 5 (+ 3) x 10-9 M). The rate of association of
Arc-operator complexes shows the expected second-order dependence on the
concentration of free Arc dimers The dissociation of Arc-operator complexes
is a first order process. The ratio of the association and dissociation kinetic
constants (K2 = 5.7 (+ 2.3) x 10-23 M2) provides an estimate for the equilibrium
constant for dissociation of the DNA-bound tetramer to two free Arc dimers
and operator. An independent determination of this complex equilibrium
constant (K2 = 7.8 (+ 4.8) x 10-23 M2) was obtained from equilibrium binding
3experiments. These experiments were published as "Arc Repressor is
Tetrameric When Bound to Operator DNA" (Brown, B. M., Bowie, J. U. &
Sauer, R. T. (1990) Biochem. 29: 11189-11195).
Chapter 3 concerns further characterization of the cooperative assembly
of the DNA-bound tetramer. The Arc dimer is shown to bind specifically to
DNA fragments containing operator half-sites and the equilibrium and
kinetic constants for these reactions are determined. DNA-bound dimers are
also shown to be transient intermediates in association experiments,
indicating that assembly of the Arc tetramer-operator complex occurs by
sequential addition of dimers to operator half-sites. When the left or right
operator half-site is occupied by an Arc dimer, cooperative interactions
increase the affinity of the second dimer by approximately 5,900-fold (AAG =
-5.1 (0.5) kcal/mol). This increase in affinity is largely caused by an increase
in the half-life of the complex; "non-cooperatively" bound dimers dissociate
with a half-life of a few seconds while "cooperatively" bound dimers have
half-lives of more than one hour. These experiments were published as
"Assembly of the Arc Repressor-Operator Complex: Cooperative Interactions
between DNA-Bound Dimers" (Brown, B. M. & Sauer, R. T. (1993) Biochem.
32: 1354-1363).
Chapter 4 describes the results of alanine-scanning mutagenesis used to
probe the functional importance of residues in or near the operator DNA-
binding surface and dimer-dimer interaction. Mutations in three categories
cause large binding defects: -sheet side chains that directly interact with DNA
bases, side chains that link different DNA-binding regions of Arc, and side
chains required to maintain the active DNA-binding conformation. These
experiments will be published as "Scanning Mutagenesis of Arc Repressor as
a Functional Probe of Operator Recognition" (Brown, B. M., Milla, M. E.,
Smith, T. & Sauer, R. T. (1994) Nature Struct. Biol. (in press)).
Chapter 5 briefly summarizes the results of the work presented in
chapters 2, 3 and 4. Directions for future research are presented.
Thesis supervisor: Robert T. Sauer
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CHAPTER 1
The Role of Cooperativity in the DNA-Binding Reactions
and Functions of Transcription Factors
12
An abundance of information about site-specific DNA binding
has been gathered in the nearly thirty years since the first DNA-binding
proteins were purified and subjected to biochemical and biophysical studies
(for example, see reviews: Johnson & McKnight, 1989; Freemont et al., 1991;
Pabo & Sauer, 1992). One common theme is that sequence-specific binding
frequently involves DNA contacts mediated by two or more DNA-binding
domains. These domains can be covalently linked as seen in the zinc-finger
proteins Zif268 and GLI (Pavletich & Pabo, 1991; Pavletich & Pabo, 1993).
More frequently, however, DNA-binding domains are linked non-covalently
by oligomerization. The most common DNA-binding oligomer is a dimer, as
was predicted based on the palindromic nature of many DNA recognition
sequences. X-ray crystallography has shown that these dimers typically have
an axis of two-fold symmetry (C2 symmetry) which coincides with the
symmetry axis of the cognate binding site and that each monomer bears a
DNA-binding domain which interacts with one half of the binding site.
Thus, in these cases, protein oligomerization is needed to couple the binding
energies of the two DNA-binding domains. Oligomerization can also result
in cooperative DNA binding and a sigmoidal binding curve if the oligomer is
largely dissociated at protein concentrations at which DNA binding occurs. In
other words, binding cooperativity depends on whether the dimerization
constant exceeds the DNA-binding equilibrium constant.
A second manifestation of cooperative linkage can occur when
a protein bound at one operator site influences the binding of a second
protein at a second site. Positive cooperativity occurs when occupancy at one
site increases the affinity at a second site. This cooperativity can be mediated
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through protein-protein contacts (oligomerization on the DNA), DNA
conformational changes, or a combination of both. Currently, in all
well-characterized examples of cooperative DNA binding, protein-protein
contacts have been shown to play a role. Although DNA-binding
cooperativity via DNA conformational change has been implicated in some
instances, it has yet to be demonstrated to be the sole cause of cooperativity in
any case.
As more components of gene regulatory systems are purified
and studied, it is increasingly obvious that cooperativity in DNA binding,
involving both like and unlike molecules, is a critical component to gene
expression. In the following sections I summarize a few well-characterized
transcription factors in which cooperativity of DNA-binding has been studied
using purified components. The goal is to illustrate both the commonalities
and diversities manifested by cooperative interactions.
Xt repressor
X repressor is one of the earliest and best studied systems of
cooperativity in specific protein-DNA interactions. It is a member of a family
of repressors from related bacteriophages which play critical roles in
establishing and maintaining lysogeny (Sauer et al., 1982). Cooperative DNA
binding is a necessary and thus critical component in the mechanism of gene
regulation for each of these related proteins.
X repressor binds to six 17-base-pair palindromic operator sites
which are organized in a left (OL) and a right (OR) operator region. Each
operator region has three individual binding sites (designated OL1, OL2, OL3,
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and OR1, OR2,OR 3) which have slightly different sequences and the affinity
for the individual operator sites varies. A consensus site is shown in Fig. la
to illustrate the symmetry. OR is the operator involved in the action of X
repressor in maintaining lysogeny. The organization of OR is shown in Fig.
lb. Occupation of both OR1 and OR2 but not OR3 by X repressor leads to
repression of PR and activation of PRM (Mauer et al., 1980; Meyer et al., 1980).
This permits the maintenance of the lysogenic state of a X prophage.
Like many transcription factors, X repressor is a modular
protein (Pabo et al., 1979). It is comprised of a 92 amino acid, N-terminal
DNA-binding domain and a 144 amino acid C-terminal, oligomerization
domain. In solution, repressor monomers are in equilibrium with dimers
and higher order oligomers, and dimers are the active DNA-binding species
(Chadwick et al., 1970). At protein concentrations where binding to a single
17-base-pair operator site occurs, the monomer is the primary species present,
giving rise to a sigmoidal binding curve (Johnson et al., 1980). Thus, binding
to a single operator site couples the equilibria of dimerization and DNA
binding. The isolated N-terminal domain alone also binds specifically as a
dimer to single operator sites, however, these complexes are much less stable
than those formed with intact repressor (Sauer et al., 1979). The weakened or
reduced DNA binding of the N-terminal domain does not occur because it
has lost DNA contacts (footprints of the N-terminal domain and the intact
repressor are the same) but because it dimerizes less well than intact
repressor. Although the isolated N-terminal domain does dimerize (described
below), the additional dimerization mediated by the C-terminal domain
contributes a significant amount of stabilization to the repressor-operator
complex (Pabo et al., 1979).
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The differing DNA affinities of the N-terminal domain and X
repressor has biological significance. The switch from lysogeny to lysis is
triggered by the RecA-mediated cleavage of X repressor which occurs at a
single specific site and separates the two structural domains (Roberts &
Roberts, 1975). The resulting reduction in site binding by the N-terminal
domain reduces repression and thereby permits transcription from PR which
results in synthesis of other regulatory factors and eventually leads to lysis.
This is a clear example where the modulation of oligomerization affinity and
consequently of DNA affinity, is employed by nature to effect transcriptional
control.
Crystal structures of the N-terminal domain alone (Pabo &
Lewis, 1982) and complexed with a single operator site (Jordan & Pabo, 1988)
have been solved. In both structures, the protein is dimeric (see Fig. 2a). The
dimer interface is formed by the most C-terminal helix (helix 5) of each
monomer and involves the hydrophobic packing of Ile84, Tyr85, Met87 and
Tyr88 (see Fig. 2b). Mutations at these positions have been isolated in the
context of the intact repressor (Weiss et al., 1987; Gimble & Sauer, 1989). The
mutants show reduced dimerization, as well as the expected reduction in
DNA binding. Information about the dimerization interactions of the C-
terminal domain is limited currently to a handful of mutants (Ala152-Thr,
Prol58-Thr, Ser228-Asn and Glu233-Lys) which show reduced dimerization
(Gimble & Sauer, 1985; Gimble & Sauer, 1989; Beckett et al., 1993). Since these
mutations' effects may be direct (i.e. altering an actual protein-protein contact)
or indirect (i.e. altering conformation), little can be inferred about the
dimerization interactions of the C-terminal domain.
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A second level of cooperativity is observed in the binding of X
repressor to multiple operator sites (Flashman, 1978; Johnson et al., 1979).
The order of the individual affinities for the three sites of OR is: OR1 >OR2 =
OR3 . By measuring affinities for the three binding sites of OR using a wild-
type template and several templates which bear mutations in one or more
operator sites, Johnson et al. observed that the affinity for a second site
increased when an adjacent operator was occupied (1979). For example, a
dimer bound at OR1 increased the affinity for a dimer binding to OR2. In this
instance, the affinity for OR3, however, was not affected. The affinity for OR3
was increased by occupancy at OR2 only if OR1 was mutant and no protein
bound there. In the absence of binding to OR2, binding to OR1 and OR3 was
independent. These observations led Johnson et al. to describe the
cooperativity as "alternate pairwise" (see Fig. 3); a dimer bound at OR2 can
interact with one at OR1 or OR3 but not with both simultaneously. The N-
terminal domain alone did not show cooperative binding of this type. Thus,
this second level of cooperativity appears to result from interactions between
the C-terminal domains of two dimers. The free energy (AG12 for the
interaction between dimers bound at OR1 and OR2 and AG23 for the
interaction between dimers bound at OR2 and OR3) contributed by these
cooperative interactions to binding is estimated to be 2-3 kcal/mol.
Although the pairwise cooperative binding of X repressor has
subsequently been studied extensively, in some cases employing a more
sophisticated mathematical analysis of DNase I footprinting (Senear et al.,
1986), the basic conclusions of Johnson et al. have proven sound. These
subsequent studies have examined the effects of: spacing between adjacent
operators, pH, KC1, and temperature on the cooperative interactions of DNA-
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bound repressor dimers, as well as the intrinsic site affinities (Hochschild &
Ptashne, 1986; Hochschild and Ptashne, 1988; Senear & Ackers, 1990; Senear &
Batey, 1991; Koblan & Ackers, 1991; Koblan & Ackers, 1992). Cooperative
binding is detected only when the operator sites' centers are separated by
whole turns or near-whole turns of the DNA helix. The energy of
cooperative interaction is estimated to be on the same order when the sites
are separated by five or six helical turns as when the sites are separated by two
turns, the wild-type spacing (see Fig. lb). This is curious since one would
expect that the cost of looping the DNA, which occurs when binding is
separated by five to six turns (Griffith et al., 1986), would be reflected in a
reduction of interaction energy. One possible explanation is that different
interaction surfaces mediate the two observations of pairwise cooperativity.
Another explanation may be that in the pairwise cooperativity between the
naturally-spaced operators, the intervening 6 or 7 base-pairs are bent or
deformed; the energetic cost of such a putative kink may be equivalent to that
needed to loop the DNA when operators are separated by five or six helical
turns. Changes in pH, KC1 and temperature do not significantly affect the free
energies of the cooperative interactions (AG12 and AG23). The lack of effects of
salt and pH on the pairwise cooperativity suggests that the main contacts
mediating pairwise cooperativity are not electrostatic or ionic in nature.
Therefore the protein-protein contacts mediating pairwise cooperativity are
likely to involve the packing of nonpolar residues.
A few pairwise cooperativity mutants have been generated and
the mutations are located in residues of the C-terminal domain as expected
(Hochschild & Ptashne, 1988; Beckett et al., 1993). One mutant, Ser228-Asn,
seems to affect both dimerization and the pairwise contacts involved in
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dimer-dimer cooperativity (Hochschild & Ptashne, 1988; Beckett et al., 1993).
A second mutant (Gly147-Asp) was found to affect only the pairwise
cooperativity; this reduction in cooperativity is apparently due to the
introduction of a negative charge as Gly147-Asn does not show the same
defect (Beckett et al., 1993). A lysogen expressing Gly147-Asp shows a higher
level of spontaneous induction and shows reduced immunity against
superinfection compared to one expressing wild-type repressor (Gimble &
Sauer, 1985; Gimble & Sauer, 1986). Thus, the phenotype of Gly147-Asp in
vivo reinforces the importance of pairwise cooperativity to the function of X
repressor.
Given the lack of structural data, one can only speculate about
the cooperative interactions which are mediated by the C-terminal domain.
There are three lines of evidence which suggest that the cooperative
interactions between dimers bound at OR1 and OR2 are not identical to those
between dimers bound to OR2 and OR3 . First of all, the free energies of
interaction have been shown repeatedly to be different (Senear & Ackers,
1990; Senear & Batey, 1991; Koblan & Ackers, 1991; Koblan & Ackers, 1992).
Secondly, although the cooperative energies are only modestly affected by
change in pH, the direction of change differs for the two interactions; that is,
the interaction between dimers at OR1 and OR2 is accompanied by net proton
release while the opposite is true of the dimers bound at OR2 and OR3 (Senear
& Ackers, 1990). Finally, the one pure pairwise cooperativity mutant (Gly147-
Asp) shows different effects on AG12 compared to AG23 (Beckett et al., 1993).
Thus, the interactions involved in pairwise cooperativity may have some
pliability rather than rigid stereospecificity. This pliability may result from
the use of different interaction surfaces or a single interaction surface that can
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accommodate slightly different orientations. Structural information about
the C-terminal domain of X repressor and the interactions involved in both
dimerization and pairwise cooperativity should be very interesting.
In summary, the linkage of DNA-binding free energies
achieved by both dimerization and pairwise cooperativity is critical to the
biology of phage X (Ptashne, 1986). At the concentrations of X repressor found
in a lysogen, it is the pairwise cooperativity which leads to the binding
configuration at PR and activation of PRM which thus permits the
maintenance of the lysogenic state of a X prophage. Furthermore, it is the
RecA-mediated cleavage of X repressor which separates the two structural
domains thus deleting the dimerization energy from binding which triggers
the switch to lysis, as well as abolishing the possibility of pairwise
cooperativity.
Glucocorticoid receptor
The nuclear hormone superfamily of regulatory proteins
include the steroid hormone receptors as well as the vitamin D3, thyroid
hormone, retinoic acid and retinoid receptors (Evans, 1988; Beato, 1989).
These nuclear hormone receptors mediate transcriptional regulation in a
diverse array of cellular processes and have been the subject of extensive
studies. All of these receptors have the same overall three-domain structure
consisting of a variable-length N-terminal domain, a DNA-binding domain,
and a ligand-binding domain.
The glucocorticoid receptor (GR) is one of the best-studied
members of the nuclear hormone receptors (Danielsen, 1991; Freedman &
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Luisi, 1993). It binds to a 15-base-pair, palindromic sequence termed the
glucocorticoid responsive element (GRE). A consensus GRE consists of
6-base-pair inverted repeats separated by three base-pairs (Freedman & Luisi,
1993; see Fig. 5). GR binds cooperatively as a dimer, which is the kinetically
significant binding species (Wrange et al., 1989; Perlmann et al., 1990; Drouin
et al., 1992). A fragment comprising the roughly 80-100 amino acid DNA-
binding domain (DBD) has also been shown to bind cooperatively as a dimer
(Tsai et al., 1988; Hard et al., 1990a; Dahlman-Wright et al., 1990; Luisi et al.,
1991). Tsai et al. detected a monomer-bound intermediate in gel mobility
shift assays with the DBD but not with an intact receptor, suggesting that the
DBD contains some but not all of the dimerization determinants. This is also
supported by the observation of the DBD's reduced affinity for the various
individual GRE's in the murine mammary tumor virus (MMTV) long
terminal repeat compared to intact GR (Dahlman et al., 1989). The binding
affinity of the DBD is reduced one to two orders of magnitude compared to
intact receptor (Hard et al., 1990a; Dahlman-Wright et al., 1992), indicating the
importance of oligomerization in high affinity binding. Both intact GR and
the DBD alone are sensitive to the spacing between the six-base-pair half-sites
(Dahlman-Wright et al., 1990; Dahlman-Wright et al., 1992).
Mutagenesis and structural studies indicate that the residues
involved in the DBD dimerization are in the second of the two zinc-binding
modules in the DBD (Green et al., 1988; Umesano & Evans, 1989; Dahlman et
al., 1989; Hard et al., 1990b; Luisi et al., 1991; Baumann et al., 1993). The high
resolution cocrystal structure of the GR DBD is with a fully-symmetric GRE
having four base-pairs between the half-sites (Luisi et al., 1991). This non-
natural spacing results in one monomer interacting with a half-site
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specifically while the other monomer makes protein-protein contacts with
the specifically bound monomer but interacts non-specifically with the DNA.
A comparison to a low resolution cocrystal structure with the correctly spaced
half-sites confirms that the "specifically" bound monomer represents the
actual specific complex and that the dimer interface is also the same in both
complexes. The results of mutagenesis (see below) also support the validity of
the observed dimer contacts. The zinc-binding modules of GR are different
from the classical Cys2His2 zinc fingers (reviewed in Schmiedeskamp &
Klevit, 1994). As illustrated in the schematic in Fig. 4a, residues specifically
contacting the DNA are located solely within the first module, and are in a
helix involved in coordinating the zinc. Residues in a loop, an extended
structure and an a-helix of the second zinc module are involved in forming
the cooperative interface. The interactions are relatively extensive, including
four hydrogen bonds, four salt bridges and two hydrophobic contacts (see Fig.
4b & c). DNA phosphate contacts are also made by residues within the
structural elements of this interface and thus dimerization and DNA-binding
are intimately linked structurally as well as thermodynamically. Point
mutations of the Arg and Asp residues forming salt bridges yield modestly
reduced DNA binding in the intact GR (Hollenberg & Evans, 1988).
Simultaneous mutation of the five dimerization loop residues in the context
of the DBD results in non-cooperative binding to GRE in vitro (Dahlman-
Wright et al., 1991). The same mutations in the context of the intact GR
results in significantly reduced activation of a GRE-responsive plasmid
(Umesano & Evans, 1989). Similarly, mutation of residues in the extended
structure and the a-helix of the dimer interface reduce activation. These
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phenotypes confirm the functional importance of the cooperative contacts in
GR.
Additional dimerization determinants may be located in both
the N- and C-terminal domains of the receptor. Analysis of various
truncation mutants of GR demonstrates that lacking the C-terminal domain
reduces binding affinity ten-fold, roughly what is seen for the DBD alone,
while lacking the N-terminal domain reduces binding two-fold (Dahlman-
Wright et al., 1992). In a separate characterization of a chymotrypsin-derived
GR fragment lacking the N-terminal domain, Eriksson and Wrange (1990)
found its affinity was reduced by an order of magnitude, although it binds as a
dimer and protects the same site as intact GR (indicating that the DNA
contacts are the same). Evidence suggests that such an N-terminally
truncated receptor has increased affinity for non-specific DNA (Gehring and
Hotz, 1983). Eriksson and Wrange also found that it shows an increased
sensitivity to phosphate ethylation, which they interpret as showing an
increased dependence on nonspecific interactions in binding to a GRE (1990).
Moreover, the truncated receptor is able to bind as a dimer to a GRE half-site
while an intact GR dimer cannot bind at all to this site (although there is
some evidence of a complex representing an intact GR monomer bound to a
half-site). Eriksson and Wrange suggest that the N-terminal domain
contributes to binding specificity and propose that this is accomplished via
putative protein-protein contacts in the N-terminal domain which fine-tune
the steric relationship of the two DNA-binding domains. Although it is not
entirely clear where the additional contacts are located, it is evident that the
dimerization of the intact GR is not solely due to the dimer contacts made in
the DBD. In the estrogen receptor, the additional determinants of
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dimerization are located solely within the C-terminal domain (Kumar &
Chambon, 1988; Fawell et al., 1990).
Luisi et al. (1991) note that two isoleucine residues, Ile483 and
Ile487, are solvent-exposed in the cocrystal structure of the GR DBD and
suggest that these residues may contact other parts of the intact receptor.
Simultaneous mutation of Ile487 (numbered as in Fig. 4c) and a few other
residues in the extended structure and a-helix of the dimerization interface of
intact GR to the residue in the same position in the estrogen receptor
generates mutants which are able to activate transcription from both a GRE
and an ERE (estrogen responsive element) which has a slightly different
sequence (Danielsen et al., 1989; see Fig. 5). One can speculate that the
mutations alter this putative interaction such that specificity is relaxed. How
could such relaxation be accomplished structurally? The recently determined
ER DBD-DNA cocrystal structure reveals that several residues which are
conserved in both the ER and GR do not make conserved contacts in the two
cocrystal structures and the phosphate contacts are somewhat different near
the symmetry axis of the DNA (Schwabe et al., 1993). Perhaps protein-protein
contacts, such as those suggested for the N-terminal domain and C-terminal
domain, "lock" these conserved residues into one particular binding
configuration. Since Ile487 is involved in the dimer interface and adjacent
residues make phosphate contacts in GR, protein-protein contacts could
subtly change the dimer interface which could in turn affect the specific
contact residues.
Ligand binding plays an interesting role in GR DNA binding.
A test of specific DNA binding in vitro by purified GR in the presence and
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absence of hormone showed that the affinity increased very little due to
hormone binding (Rusconi & Yamamoto, 1987). In fact, deletion of the
hormone-binding domain yielded mutants still able to bind DNA. Such
mutants also have constitutive activation activity (Pratt et al., 1988). In vivo,
however, GR monomers are sequestered in an inactive cytosolic, high
molecular weight complex which contains an Hsp90 dimer and other
proteins (Okret et al., 1985; Denis et al., 1987; Rexin et al., 1988). The
hormone-binding domain is necessary for the formation of these complexes
(Pratt et al., 1988). Given that salt dissociation of purified complexes yields
receptors that can bind DNA (Rexin et al., 1988), it is believed that the
hormone is necessary in vivo to dissociate GR monomers from the inactive
complex thereby permitting dimerization (as well as localization to the
nucleus) (for review see: Baniahmad & Tsai, 1993; Gehring, 1993). Thus, GR's
transcriptional activation in response to hormone is mediated by
oligomerization control, as well as compartmentalization in the cell.
In some glucocorticoid-responsive systems there are naturally-
occurring multiple GRE's and it has been shown for some of these systems
that binding by the intact receptor to these sites is also cooperative (Schmid et
al., 1989; Perlmann et al., 1990). As with X repressor, this dimer-dimer
cooperativity is sensitive to the spacing of the GRE's and requires both dimers
to be on the same helical face of the DNA. The DBD alone also can bind
cooperatively to adjacently-spaced GRE's indicating that this secondary level
of cooperativity does not require the N- or C- terminal domains (Baniahmad
et al., 1991). This level of binding cooperativity could be the underlying
mechanism for the synergism with other transcriptional factors that bind to
cis-elements in glucocorticoid-responsive systems (Schiile et al., 1988b; Schiile
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et al., 1988a; Strahle et al., 1988), although this is not the case for nuclear factor
1 (Perlmann et al., 1990).
Thus, the glucocorticoid receptor, like X repressor, employs two
levels of oligomerization in manifesting cooperative DNA binding. The
biological function of GR in transcriptional control is dependent on the
cooperative linkage of DNA-binding domains via dimerization, which is
required to achieve high affinity binding, and by the hormone-mediated
modulation of this dimerization. In addition, higher oligomerization with
adjacent DNA-bound GR's and possibly other transcription factors may play a
role in the complex gene regulation associated with steroid response
elements.
Oligomerization of the nuclear hormone superfamily of
receptors serves not only to link the binding energies of the two domains, but
it may also play a more general role in the specificity of binding. The
consensus operators for the glucocorticoid receptor, the estrogen receptor and
the thyroid receptor are shown in Figure 5. The GRE and ERE sites have the
same three-base-pair spacing between half-sites and only two nucleotides are
different in each half-site. The ERE and thyroid responsive element (TRE)
consensus sites have the same half-site sequences but the TRE site has no
spacer between the half-sites. A given receptor's discrimination among these
sites must involve both specific protein-DNA contacts and a mechanism
sensitive to the spacing of the half sites. Different dimerization interactions
could easily provide such a mechanism (Freedman & Luisi, 1993). For
example, a mutant GR bearing three mutations in the first zinc-binding
module can completely switch its specificity from a GRE to an ERE (Umesano
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& Evans, 1989; Zilliacus et al., 1991). The identity of the five residues in the
dimerization loop of the second zinc-binding module dictate whether this
altered specificity mutant can recognize a TRE; if the loop bears the wild-type
GR residues, the mutant activates only an ERE-responsive plasmid.
However, simultaneous mutation of these five residues to those of the
thyroid hormone receptor yields a mutant which can activate both an ERE-
and a TRE-responsive plasmid, indicating that binding specificity for this
mutant is no longer sensitive to the spacing between the half-sites (Umesano
& Evans, 1989). Thus, interactions unique for each receptor could orient the
two DNA-binding domains with the proper spacing and geometry with
respect to each other and thereby impact on binding specificity.
The notion of different dimerization determinants is further
supported by the observation of different dimerization contacts in the
cocrystal structure of ER DBD and its cognate ERE (Schwabe et al., 1993). The
contacts are mediated by the same structural elements as those in the GR-
DNA complex, which is expected since the spacing in the ERE and GRE is the
same. One therefore expects the two monomers to be oriented similarly.
However, the specific interactions are different and are less extensive than
those forming the dimer interface in the GR-DNA complex. The ER
interactions are a "core" of hydrophobic packing, 2 hydrogen bonds and 3
water-mediated hydrogen bonds.
Other members of the nuclear hormone superfamily can bind
to operators with direct repeats or everted and inverted repeats, and have
been shown to form both homo- and heterologous dimers. (see reviews by
Green, 1993; Freedman & Luisi, 1993; Schmiedeskamp & Klevit, 1994).
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Binding to operators of direct repeats implies a dimerization interaction
which does not have C2 symmetry and must therefore involve different
interaction surfaces within a receptor. Furthermore, these different dimers
bind to direct repeats of half-sites separated by zero to five base-pairs,
suggesting at the least that the dimerization contacts are flexible. Therefore,
these receptors represent the potential for a great deal of diversity in gene
regulation. Structural information about these receptors, as well as about the
N-terminal domains and ligand-binding domains of GR and ER in the
context of their DBD's, should further illuminate some of these issues.
Arc and MetJ repressors
Arc repressor, the study of which is the basis of this thesis,
negatively regulates transcription during the lytic cycle of infection by
bacteriophage P22 (Susskind and Youderian, 1983). MetJ repressor regulates
several genes involved in methionine biosynthesis in E. coli (Saint-Girons et
al., 1988). Arc and MetJ are homologous proteins and employ a -sheet for
DNA binding (reviewed in Phillips, 1991; Raumann et al., 1994a). Both MetJ
and Arc are single domain, dimeric proteins, made of identical intertwined
monomers (Rafferty et al., 1989; Breg et al., 1990; Somers & Phillips, 1992;
Kissinger et al., in preparation; Raumann et al., 1994b). The Arc monomer
contains a 3-strand and two a-helices (helix A and B). An Arc dimer contains
two ribbon-helix-helix motifs and thus the basic structure is designated the
(,aa)2 fold. MetJ has the same homologous fold, but has an extra C-terminal
helix. Dimerization is required for stable folding of Arc (Bowie & Sauer, 1989)
presumably because both monomers are needed to form the hydrophobic core
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and because the -sheet is formed by strands from each monomer. MetJ is
similarly stable only as a dimer (Johnson et al., 1992).
The naturally-occurring 21-base-pair operator DNA site for Arc
has adjacent binding sites for two protein dimers (Chapter 3) and met
operators have two to five tandem binding sites of 8 base-pairs (Phillips, 1991).
Arc repressor binds to its operators as a tetramer (see Fig. 7) which is
assembled by the cooperative binding of two dimers (chapters 2 and 3). The
minimum operator for MetJ is two 8-base-pair sites and, as with Arc, two
dimers bind cooperatively forming a DNA-bound tetramer (Phillips et al.,
1989; He et al., 1994) For Arc repressor, this cooperative binding contributes 5
kcal/mol which yields a kinetically stable complex (chapter 3).
The cocrystal structures of MetJ and Arc share several similarities (for
review, see review by Raumann et al., 1994a). Among these are: 1) the
general position and orientation of the (aa)2 motif relative to each DNA
half-site are conserved between the two complexes and 2) all of the critical
base contacts are made by residues from the anti-parallel 3-sheet which lies
flat in the major groove and parallel to the DNA backbone. The fit of the 3-
sheet in the major groove is not sufficiently snug to prevent twisting or
wobbling of the sheet in the absence of additional stabilizing contacts. Both
proteins resolve this by attaching other parts of the protein firmly to the DNA
backbone and then link these parts to the 5-sheet. Mutagenesis studies of Arc
show that some of residues connecting the different DNA-contacting
elements are as energetically important as the majority of the 1-sheet base
contact residues (chapter 4). In both Arc and MetJ, the seven N-terminal
residues preceding the 1-sheet assume conformations in the operator
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complex different from those in the unbound protein. In the Arc-operator
complex, the N-terminal arm, which makes four phosphate contacts in each
half-site, is packed against the body of the protein and thus to the 5-sheet
contacts by hydrophobic packing. Mutagenesis studies indicate the
importance of this linkage (chapter 4). In both proteins, additional phosphate
contacts are made by main chain -NH groups from helix B of each protein
subunit.
One of the crucial differences between the two complexes is that the
quaternary relationship between the dimers in the DNA-bound tetramers is
quite different for Arc and MetJ. This is reflected in the spacings of the half-
sites in the two operators. In the 21 base-pair arc operator, the centers of the
half-sites are 11 base-pairs or one turn of the DNA helix apart. This spacing
allows both Arc dimers to bind to the same face of the DNA helix. In contrast,
in the 16 base-pair met operator, the centers of the half-sites are only eight
base-pairs apart. Thus, the bound MetJ dimers are closer together than the
Arc dimers by about 10 A and are related by a rotation of approximately 100°.
Similar to the steroid receptors, the observed dimer-dimer interactions in
both the MetJ and Arc complexes appear to require the precise wild-type
spacing of half-sites. Changing these spacings by even a single base pair in
either operator leads to substantial reductions in DNA binding (Vershon et
al., 1989; He et al., 1992), presumably because the tetramer interface cannot
form properly.
As discussed above, a consequence of the different half-site spacings is
that MetJ and Arc are forced to use different tetramer interfaces (see Figs. 8
and 9). Arc dimers interact with each other over a limited region (ca. 325
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A2/dimer) using residues in the loop between the two helices; MetJ dimers
pack against each other over a larger region (ca. 550 A2/dimer) along the
length of the first helix. In both cases, some of the stabilizing quaternary
interactions involve hydrogen bonds. In Arc, the primary interactions
between dimers are made by two Arg31 side chains, which span the interface
and make two charge-stabilized hydrogen bonds with the backbone carbonyl
oxygen of Asn29 in the neighboring dimer. In MetJ, interactions at the dimer-
dimer interface include extensive hydrophobic contacts as well as hydrogen
bonds mediated by water molecules. Mutation of Arg31 in Arc or Thr37 in
MetJ results in severely reduced binding, confirming the importance of these
cooperative interactions in stabilizing the overall complexes (chapter 4; He et
al., 1992).
Another recent, although unrelated, example of a DNA-binding
protein which can form a dimer-of-dimers on DNA is trp repressor. Two
cocrystal structures have been solved for this E. coli protein which reveal that,
depending on the DNA sequence, it can bind either as a dimer or a tetramer
(Otwinowski, et al. 1988; Lawson & Carey, 1993). Both complexes show the
same DNA contacts, including the high number of water-mediated base
contacts (designated indirect read-out). The tetramer complex reveals fairly
extensive protein-protein interactions which are primarily hydrophobic in
nature and involve the N-terminal arm (Lawson & Carey, 1993). Although
the relevance of the trp repressor tetramer-operator complex is not yet known
in vivo, further study of the trp repressor complexes and the role of such
cooperative interactions which permit multiple modes of binding should be
very interesting.
31
Conclusions
It is evident that evolution has frequently incorporated
cooperativity into the solution of the problem of achieving high affinity,
sequence-specific DNA binding. Why is cooperativity so common in
transcription factors? What is gained by its introduction into DNA binding?
The regular nature of DNA appears to limit the features of
proteins to which it binds. Specific base contacts are mediated by polar
residues (forming hydrogen bonds) and the occasional nonpolar residue
(making a hydrophobic contact). These residues emanate most frequently
from an a-helical unit. This is a somewhat limited repertoire of contacts,
mediated by a subset of protein residues in a subset of secondary structure.
Affinity can be increased by phosphate contacts. These contacts can also
influence specificity ("indirect read-out") due to the sequence-dependent
deformation of DNA. Oligomerization can supplement the stability of
protein-DNA complexes. By linking two or more DNA-binding domains
together, binding affinity is increased because the number of DNA contacts is,
at a minimum, doubled and because the energy of the oligomerization
interaction is added. The energetic contributions from higher order
cooperative contacts, though relatively modest (generally 2-5 kcal/mol), are
sufficient to further stabilize DNA-bound complexes. If non-specific binding
is not stabilized or is stabilized less by the formation of oligomers, then
oligomerization also contributes to specificity by increasing the ratio of
specific affinity to non-specific affinity.
A second and probably more significant advantage of
cooperativity is added diversity. At a general level, neither oligomerization
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nor higher order cooperativity is restricted to any one particular DNA-
binding motif. Thus, the potential exists for mixing different DNA-binding
domains in different steric relationships, to achieve a greater repertoire of
DNA-binding protein assemblies. For example, the nuclear hormone
receptors demonstrate that different spacings of operators' half-sites can be
incorporated into recognition by changing the way two binding domains are
linked together. The possibility of different dimerization interactions among
some members of this superfamily also results in binding to operators with
direct repeats of half-sites, further increasing the possible binding repertoire.
Oligomerization also permits additional levels of transcrip-
tional control. Where oligomerization is coupled thermodynamically to
DNA binding, the system can be fine-tuned to respond to reasonably small
changes in transcription factor concentration. This cooperativity also
introduces the possibility of modulation of oligomer formation as a control
mechanism. For example, oligomerization can be blocked by association with
other proteins, as seen for the glucocorticoid receptor. Reducing
oligomerization energy to effect a change in transcriptional control is
observed for X repressor and results from cleavage of the two domains.
Formation of hetero-oligomers can also be employed to reduce DNA-binding
affinity or to produce a macromolecule with a different DNA-binding
specificity. Hetero-oligomers may also combine different sites used for higher
order interaction with other transcription factors and thereby effect
transcriptional control of different regulatory pathways.
The details of the interactions mediating cooperativity are
themselves diverse. In general, protein-protein interactions clearly can be
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more varied than protein-DNA interactions, combining all types of secondary
structural elements and involving the full 20 amino acids in forming
interfaces. In X repressor, a helix-turn-helix protein, dimerization contacts are
made by residues in an a-helix in the DNA-binding domain, as well as
residues in the C-terminal domain. X repressor's higher order contacts appear
to be exclusively located in the C-terminal domain and may involve a
somewhat malleable surface. In glucocorticoid receptor, which uses a zinc-
binding module to bind DNA, dimerization determinants are located in a
loop, an extended structure and an a-helix immediately adjacent in sequence
and space to the DNA-binding element, as well as additional determinants in
the structurally-separable N-and C-terminal domains. The contacts
mediating the secondary cooperativity of GR are entirely within the DBD but
the specific residues involved are not yet known. The homologous estrogen
receptor has a dimer interface within the DNA-binding domain structurally
similar to that in the GR interface, although the specific interactions are
markedly different. The ER's additional dimerization contacts are also in the
structurally separable ligand-binding domain. For Arc repressor and MetJ,
both of which use a 5-sheet to bind DNA, all the dimerization contacts are
contained within the single domain of the protein and involve the -sheet
and extensive contacts between a-helices. The contacts mediating
cooperativity between dimers in Arc are mediated by a single determinant in
a loop, while in MetJ dimer cooperativity is achieved by a fairly extensive
interaction between two a-helices.
In summary, cooperativity in DNA-binding proteins appears to
be the rule, rather than the exception. Cooperative DNA binding provides
additional stabilization to DNA-bound complexes, and provides a
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mechanism by which diversity can be increased in DNA-binding proteins and
in gene regulation.
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Figure 1: a) A consensus sequence of a x repressor binding site is shown. The
axis of symmetry is indicated by I. The arrows emphasize the inverted
palindromic relationship of the two 8-base-pair half-sites. (taken from
Ptashne, 1986) b) The spatial organization of the three 17-base-pair binding
sites in the OR region of the X genome is shown. OR3 and OR2 are separated
by six base-pairs; OR2 and OR1 by seven base-pairs. The two promotor regions
are indicated by thick lines. The arrow indicate the transcription start site for
each promotor. (taken from Sauer et al., 1979)
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Figure 2: (next page) top panel) A ribbons representation of the X N-terminal
complex with OL1. The dimer interface is made by helix 5 from each
monomer. (taken from Pabo and Lewis, 1982) bottom panel) The dimer
interface of the two helices. The side chains of the residues making the
hydrophobic interactions (Ile84, Tyr85, Met87 and Tyr88) are in space-filling
CPK. This view turned 90° clockwise relative to the view in the top panel.
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Figure 3: This illustrates the idea of alternate pairwise cooperativity between
dimeric molecules of X repressor. The domains are represented by shaded
circles. Nothing specific about the nature of the dimer-dimer interactions is
implied by this diagram. (taken from Johnson et al., 1979)
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Figure 4: a) Schematic representation of the DNA-binding domain of GR. a-
helical segments are enclosed by solid lines. A disordered region is indicated
by a dashed line. The boxed residues are those making contacts in the dimer
interface. Residues in shadow can switch binding specificity to that of the
estrogen receptor. Dark arrows indicate residues making direct DNA base
contacts in the GR-DNA complex. A solid square indicates residues making
phosphate contacts in the complex. Small case sequence derives from the
expression vector. (adapted from Luisi et al., 1991)
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Figure 4 b & c: (next page) b) A ribbons representation of the glucocorticoid
receptor-DNA complex, looking approximately down the dimer's symmetry
axis which is marked by . The N- and C- termini are indicated and the zinc
atoms are black circles. c) A schematic diagram of the dimer interface
interactions. Residues in one monomer are circled and in the other, boxed.
(both figures taken from Luisi et al., 1991)
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GRE A ACAnnnTGTTCGRE C TT GTnnnA C A A G A
ERE A TCAnnnTGAERE C AGTnnn IA C TG GA
A GGTCT G A C C TTRE CCAGTACTGGA
Figure 5: The sequences are shown for the glucocorticoid responsive element
(GRE), the estrogen responsive element (ERE) and the thyroid hormone
receptor element (TRE). Note that GRE and ERE half-sites are separated by
three base-pairs and the bolded base-pairs are those which differ between the
GRE and the ERE. "n" represents any base-pair. In addition to the TRE
shown, thyroid hormone and other non-steroid receptors can bind to sites
with direct repeats or everted repeats of the half-sites. (taken from Freedman
and Luisi, 1993)
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ATGATAGAAGCAC TC TAC TAT
TACTATCTTCGTGAGATGATA
Met operator
AGACGTCTAGACGTCT
TCTGCAGATCTGCAGA
Figure 6: The sequences of the naturally-occurring Arc operator (Oarc) and the
consensus sequence for a minimal MetJ operator. The axis of symmetry for
each binding site is indicated by 0. Arrows emphasize the symmetry
relationship in each operator. Note that the binding site for MetJ has three
axes of symmetry: the central one and one in each 8-base-pair half-site where
the arrowheads meet. (taken from Phillips, 1991)
arc
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Figure 7: (next page) The Arc-operator complex is pictured with DNA atoms
and the ribbon trace through phosphorous atoms in white. The Ca ribbon
trace of each monomer in the Arc tetramer is colored individually. The N
and C labels indicate the N- terminus and C-terminus respectively of each
monomer. (taken from Raumann et al., 1994b)
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Figure 8: A ribbons representation of the Arc-operator complex looking down
the tetramer's axis of symmetry to the DNA. Note that the tetramer interface
is made by two loops, one from each dimer. (taken from Raumann et al.,
1994a)
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)
Figure 9: A ribbons representation of the MetJ-operator complex looking
down the tetramer's axis of symmetry to the DNA. The tetramer interface is
made residues from anti-parallel a-helices. (taken from Raumann et al.,
1994a)
CHAPTER 2
Arc Repressor Is Tetrameric When Bound to Operator DNA
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INTRODUCTION
The Arc repressor of bacteriophage P22 is a sequence-specific DNA-
binding protein, which uses N-terminal residues in an extended -
conformation to bind to operator DNA (Vershon et al., 1986; 1987a; Breg et al.,
1989; Knight and Sauer, 1989; Zagorski et al., 1989; Breg et al., 1990). Both the
21 base-pair arc operator sequence and the pattern of Arc-DNA contacts show
approximate two-fold symmetry, suggesting that the 53 residue protein binds
to its operator as an oligomer, with different subunits making contacts with
each operator half-site (Vershon et al., 1987a; 1989). At micromolar
concentrations and above, Arc is dimeric in solution (Vershon et al., 1985).
At nanomolar concentrations, Arc dissociates in a concerted reaction to
unfolded monomers (Bowie and Sauer, 1989a).
In this paper, we show that Arc is tetrameric when bound to a single
operator DNA site. Using mixtures of wild-type Arc and an active variant
that contains 25 additional residues, we observe five distinct operator
complexes in gel electrophoresis experiments. This result suggests that Arc
binds its operator as a tetramer, a conclusion supported by direct
measurements of the stoichiometry of binding. We also find that the
equilibrium binding reaction is highly cooperative, with a Hill constant of 3.5.
Kinetic experiments indicate that Arc is a mixture of monomers and dimers
at the concentrations where operator binding is observed and show that
dimers are the kinetically significant species in forming the DNA-bound
tetramer.
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MATERIALS AND METHODS
Buffers: Loading buffer contains 50% glycerol, 0.02% bromophenol blue, and
0.02% xylene cyanol. Binding buffer I contains 10 mM Tris (pH 6.5), 3 mM
MgC12, 0.1 mM EDTA, 200 mM KC1, 100 gg/ml bovine serum albumin (BSA)
and 0.02% Nonidet P-40 (NP40). Binding buffer II contains 10 mM Tris (pH
7.5), 3 mM MgCl2, 0.1 mM EDTA, 100 mM KCl, 100 gg/ml BSA and 0.02%
NP40. The BSA and NP40 are important components of both binding buffers
as they prevent Arc from sticking to glass and plastic surfaces at low protein
concentrations. A 8 M stock solution of GuHCl was obtained from Pierce
Chemical Co. All other buffer components were reagent grade. Water was
distilled and deionized using a Millipore MilliQ system.
Protein Purification: Wild-type Arc was expressed and purified as described
by Vershon et al. (1986). The concentration of Arc, in monomer equivalents,
was determined using an extinction coefficient at 280 nm of 6756 M-lcm -1.
This value was calculated as the sum of the extinction coefficients of
tryptophan and tyrosine (Fasman, 1975), each of which occurs once in the Arc
monomer. The extinction coefficient was not corrected for differences
between the absorbance of native Arc and denatured Arc but this difference is
less than 3%. The Arc-ltl variant was purified as described by Bowie and
Sauer (1989b). The ltl mutation is a frameshift that changes the C-terminal
residue of Arc from Ala to Arg and adds 25 extra amino acids to the protein
(Bowie and Sauer, 1989b). As the additional residues in Arc-ltl do not include
Tyr or Trp, the extinction coefficient of this protein was also assumed to be
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6756 M-lcm -1. Unless noted, all protein concentrations are calculated in
terms of mole equivalents of the Arc monomer per liter.
DNA Fragments: A 27-base-pair operator was synthesized for use in many of
the binding studies. DNA was synthesized using an Applied Biosystems 381A
DNA Synthesizer and purified by FPLC chromatography using an anion-
exchange Mono-Q column. Duplex operator was generated by mixing
complementary oligonucleotides in equimolar amounts, heating to 65°C and
cooling to room temperature. As shown below, this operator fragment
contains the 21-base-pair wild-type arc operator sequence (in bold, with the
central base marked) with a few flanking nucleotides.
5'-ATCGATGATAGAAGCACTCTACTATCG-3'
3'-TAGCTACTATCTTCGTGAGATGATAGC-5'
A variant of this fragment, missing four bases at each 3'-end, was also
synthesized to allow convenient end-labelling. For some binding studies, a
50-base-pair EcoRI/HindIII restriction fragment containing the A0110 arc
operator was purified from plasmid pAOllO and used (Vershon et al., 1989).
The AO110 operator is symmetric around the central base-pair and has an
affinity for Arc within two-fold of the wild type operator (Vershon et al.,
1989). For assays of non-specific DNA binding, three different DNA
fragments were used. These include the 750-base-pair EcoRI/PstI fragment
from pAOll0, a synthetic 27-base-pair fragment corresponding to the X
repressor operator, and a 50-base-pair restriction fragment bearing the Mnt
operator. With all three fragments, half-maximal DNA binding was observed
at Arc concentrations from 0.2 to 0.8 micromolar.
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DNA was end-labelled by filling in the 5'-overhangs using a-32P-
labelled nucleoside triphosphates and the Klenow fragment of DNA
polymerase I (Vershon et al., 1987b). The specific activity of end-labelled DNA
was determined by measuring the radioactivity incorporated into a known
quantity of DNA using standard procedures (Maniatis et al., 1977).
Gel Retardation Assays: Gel retardation assays and associated methods were
performed essentially as described by Vershon et al. (1987a; 1987b). For
equilibrium and kinetic assays using labelled operators, DNA was present at
concentrations from 4-12 pM. Arc protein was incubated with labelled DNA
in either microtiter plates or polypropylene microcentrifuge tubes for a given
period of time, a one-tenth to one-thirtieth volume of loading buffer was
added to each sample, and aliquots containing 500-800 cpm were loaded onto
a non-denaturing 0.5X TBE 7% polyacrylamide gel (acrylamide:bis-acrylamide
[29:1]). Electrophoresis was performed at 250 volts and continued until the
bromophenol blue dye reached the bottom of the gel. Gels were exposed to
Kodak XAR5 film using intensifying screens at -700C. Films were scanned
using an LKB Bromma 2202 Ultroscan Laser Densitometer equipped with a
Hewlett Packard 3390A Integrator. Three different scans were performed on
each lane and the values were averaged. The fraction of operator bound (0)
was calculated as the area of the bound fraction divided by the sum of the
areas of the bound and free fractions. Within each experiment, the sum of
the bound and free areas was generally constant to within 20% and similar
values of fractional saturation were obtained by the method described above,
from the decrease in the intensity of the free band, or from the increase in
intensity of the bound band.
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For gel assays of binding stoichiometry, unlabelled operator DNA was
used at tenth-micromolar concentrations. In this case, samples were
electrophoresed as described and gels were stained for 15 min in 0.5 Rlg/ml
ethidium bromide. The DNA was visualized using a Fotodyne shortwave
ultraviolet source and photographed using Polaroid 665 Positive/Negative
film; the negative was analyzed by densitometry as described for the
autoradiographs. The band corresponding to the protein-DNA complex did
not fluoresce as intensely as the free DNA band, presumably because bound
Arc inhibits ethidium bromide intercalation and/or partially quenches the
fluorescence. The relative increase in the intensity of the bound band did,
however, correspond to the decrease in intensity of the free band. For these
data, 0 was calculated as the intensity of the bound band at a given Arc
concentration divided by the intensity of this band at saturating
concentrations of Arc.
Mixed Oligomer Studies: Binding buffer II was used for DNA and protein
solutions in initial mixed oligomer experiments. Binding buffer I was used
in later experiments because it was found to improve the resolution of the
five retarded species in the gel retardation assay. Arc and Arc-ltl were diluted
to 50 jgg/ml, mixed together in different ratios and incubated at room
temperature for 15 min, and then serially diluted as desired. Control
experiments showed that coincubation of the proteins at room temperature
was as effective a mixing protocol as denaturing both proteins by heating to
65°C for 2 min and then allowing the mixture to renature after cooling. End-
labelled DNA was diluted to 105 cpm/ml and 30 gl of the DNA solution was
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mixed with 30 l1 of the protein mixture and incubated at room temperature
for one hour. A 2 gl aliquot of loading buffer was added to each sample and
samples were electrophoresed as described above.
Binding Studies: Binding buffer II was used for all DNA and protein
solutions, and experiments were performed at room temperature (18-22°C).
In all cases, binding buffer II was pre-equilibrated at room temperature prior
to use. Equilibrium binding studies were performed using wild-type protein,
which was serially diluted in buffer II in micro-centrifuge tubes and then
allowed to dissociate for 15 min. One-tenth volume of the labelled 27 base-
pair operator was added to give an operator concentration of - 5 pM, and the
mixture was incubated for two hours in microtiter plates. Binding was
assayed by the gel retardation assay as described above.
Stoichiometric binding of Arc to operator DNA was studied using
protein and DNA concentrations of 0.25 gM or greater. Increasing amounts of
Arc, diluted in binding buffer II, were added to a constant amount of the
27 base-pair operator and incubated for 2 hours. The samples were
electrophoresed and visualized with ethidium bromide as described above.
Dissociation Rates: In previous studies, Vershon et al. (1987a) showed that
Arc dissociated from the wild-type operator contained on a 240-base-pair DNA
restriction fragment with a half-life of - 80 min, under conditions similar to
those used here. We repeated these experiments using the 50-base-pair
AO110 operator fragment to test if the length of the DNA fragment
significantly affected the half-life. Arc at a concentration of 20 nM in binding
buffer II was mixed with a one-tenth volume of labelled operator DNA and
allowed to equilibrate at room temperature. Dissociation reactions were
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begun by adding 20 gl aliquots of the protein-DNA mixture to 20 gl of a
solution containing 2 gM unlabelled operator DNA. The reactions were
started at various times to allow all samples to be loaded for the gel
retardation assay at the same time. When Arc was mixed with the unlabelled
DNA prior to addition of the labelled DNA, no binding to the labelled DNA
was observed. The rate constant, k_2, for dissociation of the Arc-AOllO
operator complex was found to be 1.6 ( 0.6) x 10-4 sec-1, corresponding to a
half-life of approximately 72 min.
Association Rates: For measurements of association rates, binding buffer II,
pre-equilibrated at room temperature, was used for DNA and protein
dilutions and the resulting solutions were kept at room temperature.
Association reactions were initiated by adding the AO110 operator fragment
with gentle mixing to a tube containing wild-type Arc. The volume of the
added DNA was only one-tenth the final volume to minimize effects due to
further dilution and dissociation of Arc dimers. The operator concentration
in the reaction mixture was - 5 pM. Portions were removed at various times
and added to an equal volume of quench solution containing unlabelled
operator DNA at a concentration of 80 nM. Control experiments showed that
the unlabelled operator prevented any further association of Arc with the
labelled operator. Samples were loaded onto gels for assay within 5 min of
addition of the quench solution.
Association rate experiments in the presence of GuHCl were performed
as described above with the exception of the dilution protocols. In one
experiment, wild-type Arc at a concentration of 200 nM in 4 M GuHCl was
diluted 100-fold into binding buffer II, and labelled operator DNA was added
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within 10 to 15 seconds. In a second experiment, wild-type Arc at a
concentration of 200 nM in binding buffer II was diluted 100-fold into binding
buffer II containing 40 mM GuHCl, and again the incubation with DNA was
begun within 10 to 15 seconds. In a third experiment, Arc was diluted to a
concentration of 2 nM in binding buffer II plus 40 mM GuHCl and allowed to
equilibrate for 10 to 15 min before addition of the labelled operator DNA.
Calculations: If the binding reaction of Arc to its operator is written as:
4U + O # 2A2 + O A4 0 (1)
where U is the unfolded Arc monomer, 0 is operator DNA, A2 is the folded
Arc dimer and A40 is the bound complex, then the relevant equilibrium and
conservation expressions are:
[u] 2
K1 = [A21 (2)
[A21210]
K2 [A40] (3)[A4 0]
[U]4 [0]
K12K2 [[A4 0] (4)
[Atotal] = [U] + 2[A2 ] + 4[A 4 0] = [U] + 2[A2 ] (5)
Free tetramers of Arc are not included in eq. 5 because they are not observed
in solution (Vershon et al., 1985). Moreover, because Arc is always present in
significant excess over total operator DNA in our experiments, the
concentration of bound Arc can be ignored (the validity of this simplification
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was confirmed by showing that three-fold changes in operator concentration
[U]2
did not affect the observed binding curves). Substituting [K for [A2] in eq. 5
and solving the resulting quadratic expression gives:
U] = 1 8[Atotal] ) (6)
In DNA binding experiments, the fraction of operator bound is given by:
[A 4 0] 1
[A40] + [0] 1 K12 K2
+ [U]4
Substituting for [U] in this expression using eq. 6 allows 0 to be calculated if
K 1, K2 , and [Atotal] are known.
In most association rate experiments, data were used for only the first
few minutes of binding. Because the protein-operator complex has a half-life
of greater than 1 hour under these conditions, the operator dissociation
reaction can be ignored. Moreover, because Arc is present in excess over
labelled operator, the total Arc concentration and the concentration of Arc
dimers should remain effectively constant during the experiment. Under
these conditions, the forward rate expression can be simplified to:
d[A 40] d[O]
dt A -- dO = k2 [A2 ]2 [0] = kapp [] (8)
and the expected fraction of operator bound at time t will be given by:
0 = 1- e -kapp t (9)
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RESULTS
A variant of Arc, called Arc-ltl, contains 25 additional C-terminal
residues as a consequence of a frame-shift mutation (Bowie and Sauer, 1989b).
This variant is fully active in vivo, and the additional residues do not affect
the structure, stability, or operator affinity of Arc as measured by biochemical
experiments in vitro. In gel retardation assays, operator complexes
containing the 78 residue Arc-ltl variant are retarded to a greater extent than
operator complexes containing the 53 residue wild type Arc protein (Bowie
and Sauer, 1989b; cf. lanes B and G, Fig. 1).
Binding of mixed oligomers to operator DNA: To probe Arc's oligomeric
form when bound to operator DNA, Arc and Arc-ltl were mixed and used in
gel retardation assays of operator binding. As shown in lanes C-F of Fig. 1,
these mixtures give rise to five differentially retarded protein-operator
complexes. The slowest and fastest migrating complexes comigrate with the
bands corresponding to operator complexes of Arc-ltl and Arc, respectively.
The remaining three bands have intermediate mobilities, suggesting that the
corresponding protein-DNA complexes have different numbers of Arc and
Arc-ltl subunits. The simplest interpretation of this data is that Arc is
tetrameric when bound to its operator, and that the three intermediate bands
are heterotetramers containing 3:1, 2:2, and 1:3 ratios of Arc to Arc-itl
subunits, respectively. These protein-DNA complexes are specific, as Arc only
begins to bind to non-operator DNA fragments from 27 to 750 base-pairs in
length at concentrations 100-200-fold higher than those used in Fig. 1 (data
not shown).
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To determine the stoichiometry of binding directly, assays were
performed at high protein and DNA concentrations, where the equilibrium
strongly favors formation of the protein-DNA complex. Fig. 2 shows the
result of one such experiment. The ratio of total Arc to bound operator can be
calculated for each point before saturation of the operator is reached. The
average value of the stoichiometry from two independent experiments was
3.8 ( 0.8), supporting the idea that the five species seen in the mixed
oligomer studies do represent tetramers of different Arc and Arc-ltl
composition.
In principle, a single Arc oligomer could bind more than one molecule
of operator DNA. To test for this possibility, we performed separate and
combined binding experiments with a 27-base-pair and a 50-base-pair operator
fragment. The complexes of these operator fragments with Arc were clearly
resolved in gel retardation experiments, but only the expected complexes and
no complexes of intermediate mobility were observed when the two
operators were present in the same binding experiment (data not shown).
We conclude that the Arc tetramer is able to bind strongly to only one
operator molecule at a time.
Equilibrium binding: The binding of Arc to operator DNA is likely to
involve several coupled equilibria. Although Arc is tetrameric when bound
to operator, tetramers of Arc have not been observed in solution (Vershon et
al., 1985). Moreover, the Arc dimer is known to dissociate to unfolded
monomers in a concerted reaction at low concentrations (Bowie and Sauer,
1989a). The simplest scheme for operator binding that involves the known
oligomeric species of Arc is:
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K1 K2
4U + 0 2A2 + 0 A4 0
We can test whether this model provides a good description of the actual
binding reaction by studying how operator binding depends upon Arc
concentration.
Fig. 3a shows a typical binding experiment for equilibrium binding of
Arc to operator DNA. Half maximal operator binding occurs at an Arc
concentration of 0.25 nM in the experiment shown in Fig. 3a. In four
independent experiments, the average Arc concentration required for half-
maximal operator binding was found to be 0.22 (+ 0.04) nM. This value is
about ten-fold lower than previously reported (Vershon et al., 1987a; 1989), a
difference that can be attributed to the use of NP40 in our assay buffer. The
presence of this detergent prevents inactivation of Arc by surface adsorption
at low protein concentrations. The equilibrium binding reaction is also
highly cooperative, with binding increasing from 10% to 90% over a narrow
range of Arc concentration. The Hill coefficient, a measure of the
cooperativity of the reaction, is 3.5 (see Fig. 3b). The model of eq. 1 would
predict a Hill constant of 4, if monomers were the only populated species at
the 0.1 to 1 nM concentrations where operator binding is observed. A value
of 3.5 could indicate that Arc is a mixture of monomers and dimers at these
concentrations.
Kinetics of Arc-operator association: The model predicts that a solution of
Arc dimers should show faster DNA binding than a solution containing an
equilibrium mixture of monomers and dimers. This latter solution, in turn,
should show faster binding than one consisting solely of monomers. To test
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this prediction, we performed binding experiments in which the protein
solution was treated in three different ways to obtain the desired solution
species. To obtain a solution containing mostly dimers, we began with Arc at
a concentration of 200 nM, where it is predominantly dimeric (Vershon et al.,
1985), and then rapidly diluted the protein 100-fold and added operator DNA
within 10-15 sec. To obtain a solution consisting initially of monomers, we
denatured Arc in 4 M GuHCl (Bowie and Sauer, 1989a) and then rapidly
diluted the protein 100-fold and added operator DNA within 10-15 sec. To
obtain an equilibrium population of monomers and dimers, we allowed Arc
to equilibrate at a concentration of 2 nM, and then added operator DNA. In
all three cases, the final buffer composition following dilution was the same
(binding buffer II plus 40 mM GuHCl) and the final Arc concentration was
2 nM. As shown in Fig. 4, the DNA binding reaction is fastest for the Arc
sample that should be largely dimeric, slower for the sample that should
contain an equilibrium mixture of monomers and dimers, and slowest for
the sample that should be predominantly monomeric. The final level of
binding obtained after long incubations of all three samples was identical
(data not shown). These data provide support for the idea that Arc exists as
an equilibrium mixture of monomers and dimers in the nanomolar
concentration range.
If dimers of Arc are the only kinetically significant binding species (as
in eq. 1), then the rate at which protein-DNA complexes form should depend
on the square of the free dimer concentration (eq. 8; Materials and Methods).
Under conditions similar to those used in our binding experiments (20°C,
pH 7.5, 100 mM KC1 ), an estimate of the dimerization constant, K1 = 5 nM,
has been obtained from extrapolation of GuHCl denaturation experiments to
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zero denaturant concentration (see Fig. 4 in Bowie and Sauer, 1989a). Using
this value to calculate the dimer concentration in the equilibrated mixture
and assuming that the rapid dilution experiment generates a population of
100% dimers, we would expect an 8.4-fold difference in rate in the two
experiments. If the rapid dilution experiment contained only 50% dimers, for
example because some of the dimers dissociate during the dilution protocol,
then the rate difference would be 2.1-fold. Preliminary experiments indicate
that the half-life of the Arc dimer is on the order of 15-60 sec, and thus some
dissociation would be expected. In the experiment shown in Fig. 4, the initial
rate of association for the "dimer" is 3.6-times faster than that observed for
the equilibrium mixture of monomers and dimers. Therefore, these data are
within the range predicted using a 5 nM dissociation constant and support the
idea that dimers are the kinetically significant binding species. Using the
observed rate difference to calculate the equilibrium constant for
dimerization, we get a value of K1 = 1.7 nM assuming 100% dimers and a
value of 8.4 nM assuming 50% dimers in the rapid dilution experiment. We
assume then that K1 = 5 (+ 3) x 10-9 M, and use the 5 nM value for the
calculations described below.
To further test the basic model of eq. 1, we measured the rate of
operator association at different Arc concentrations. Fig. 5a shows several of
these experiments. Fig. 5b shows that the apparent association rates obtained
by these experiments exhibit a near second-order dependence upon the free
concentration of Arc dimers (calculated assuming K1 = 5 nM). This is
expected from the model, since
kapp = k 2 [A2]2 (see eq. 8)
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where k2 is the third-order rate constant for formation of the Arc-operator
complex from two Arc dimers. An average value of k2 = 2.8 ( 0.7) x 1018
M-2sec-1 was calculated from the experiments shown in Fig. 5a and three
additional experiments performed at total Arc concentrations of 0.5, 1 and
2 nM. The rate constant for dissociation of the Arc-operator complex is k -2 =
1.6 (+ 0.6) x 10-4 sec- 1 (see Methods). From these values, we can calculate the
equilibrium constant, K2 = 5.7 (+ 2.3) x 10-23 M2 , for formation of the Arc
tetramer-operator complex from operator and two Arc dimers. An
independent estimate of K2 = 7.8 (+ 4.8) x 10-23 M2 can be obtained from the
equilibrium binding data using eq. 6 and eq. 7. The values of K2 calculated
from the kinetic data and the equilibrium data agree within experimental
error, indicating that a single set of constants can reasonably fit both the
equilibrium and kinetic data. This consistency provides additional evidence
that the model of eq. 1 is a good description of the Arc-operator binding
reaction.
DISCUSSION
Several lines of evidence indicate that Arc repressor binds to its
operator as a tetramer. Mixtures of Arc and Arc-ltl give rise to five distinct
protein-operator DNA complexes in gel retardation experiments. This result
is expected if Arc binds DNA as a tetramer, with the five bands representing
independent assortment of Arc and Arc-ltl monomers. Although the same
result might be expected if Arc bound as an octamer with the five bands
representing mixtures of Arc and Arc-ltl dimers, this possibility can be ruled
out since binding experiments at high concentrations indicate that no more
than four Arc monomers are needed to bind a single operator molecule. The
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mixed oligomer method for determining the binding state of a DNA-binding
protein was first used by Hope and Struhl (1987) to show that GCN4, a yeast
transcriptional activator, binds DNA as a dimer. Sorger and Nelson (1989)
have recently used the same approach to demonstrate that the yeast heat
shock transcription factor is trimeric when bound to DNA.
Why are tetramers of Arc needed to bind the 21-base-pair operator site?
On sizing columns, Arc migrates at an apparent molecular weight of 13 kDa,
close to the 12.4 kDa value expected for a globular dimer (Vershon et al., 1985).
A globular dimer of this size would be expected to have a diameter of - 31 A.
Vershon et al. (1987a) have shown that Arc make contacts with its operator
site that span 21 base-pairs or approximately 68 A of B-form DNA. Hence, in
the absence of an extraordinary conformational change, a single Arc dimer
could only contact about half of the operator, and two dimers would be
required to make all of the observed DNA contacts. In fact, recent model
building experiments based upon an NMR structure of the Arc dimer (Breg et
al., 1990) indicate that two Arc dimers are needed to contact the full operator
site.
There are two obvious pathways by which the complex of operator and
the Arc tetramer could be assembled. In principle, the tetramer could form in
solution and then bind to the operator:
2A2 + O # A4 + O A40 (10)
Although tetramers are not stable in solution, a transiently formed species
might be trapped by operator binding. The second possibility is that dimers
bind to half-sites sequentially:
72
2A2 + O A2 0 + A2 A4 0 (11)
In this case, the binding of the first dimer would be weak, and cooperative
interactions between the DNA bound dimers would be needed to stabilize the
complex. Under our standard gel shift conditions, we observe only free
operator or operators with bound tetramers. This does not rule out the
possibility of the A20 intermediate but does indicate that it must be poorly
populated and unstable relative to the 0 and A40 species.
By either of the models discussed above, tetrameric contacts between
Arc dimers play an important role in operator binding. Vershon et al. (1986)
have identified a number of Arc mutations that cause large decreases in
operator binding affinity. A subset of these mutations were found not to alter
the stability or structure of the Arc dimer, and were therefore thought to affect
side chains that mediated direct contacts with the DNA. While this
interpretation is reasonable, our results suggest that mutations of this type
could also affect side chains that mediate contacts between DNA bound
dimers.
Arc is closely related to the Mnt repressor of phage P22 (Sauer et al.,
1983) and more distantly related to the TraY proteins of F and related
episomes (Bowie and Sauer, 1990) and the E. coli MetJ repressor (Breg et al.,
1990), a protein whose crystal structure is known (Rafferty et al., 1989). Fig. 6
shows an alignment of the sequences of these proteins. Mnt, like Arc, binds
operator DNA as a tetramer (Vershon et al., 1987b). However, unlike Arc,
Mnt forms a stable tetramer in solution and binds to its operator in a non-
cooperative fashion (Vershon et al., 1985; 1987a). Knight and Sauer (1989)
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have shown that a hybrid protein containing nine N-terminal residues of Arc
and 76 C-terminal residues of Mnt binds specifically to the arc operator, and in
fact binds more tightly to the arc operator than does wild type Arc. The
specific binding of the hybrid to the arc operator indicates that the tetrameric
Mnt core can appropriately position the Arc DNA-binding residues for
specific binding and supports the idea that the overall structures of the DNA-
bound Arc and Mnt tetramers must be similar. The tighter binding of the
hybrid to the operator is consistent with the idea that some of the DNA
binding energy of Arc is lost because the active binding species is not stable at
the concentrations where operator binding occurs.
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Figure 1: (next page) Gel retardation assays of operator DNA binding by Arc,
Arc-ltl, and mixtures of the two proteins. Lane A shows operator DNA with
no added protein. Lanes B shows operator DNA incubated with wild-type Arc
alone. Lanes C-F show operator DNA incubated with mixtures of Arc and
Arc-ltl at 2:1, 1:1, 2:3 and 0.1:1 molar ratios, respectively. Lane G shows Arc-
ltl alone incubated with operator DNA. The total protein concentration was
4 nM in each assay.
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Figure 2: Stoichiometric binding of Arc to operator DNA. The 27-base-pair
arc operator fragment was present at a concentration of 0.46 M.
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Figure 3a: Equilibrium binding of Arc to the 27-base-pair arc operator
fragment. Half-maximal binding occurs at a total Arc concentration of 0.25
nM.. The curve was calculated using equations (6) and (7), with K 1 = 5 x 10-9 M
and K2 = 1.1 x 10-22 M 2 .
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Figure 3b: Hill plot of equilibrium binding data from Fig. 3a and two
independent experiments. The data points represent average values ( 1 sd).
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Figure 4: Rates of operator binding following different dilution protocols.
()il Rapid dilution of Arc from 200 nM; DNA added within 15 sec.
(3) Dilution of Arc from 200 nM; DNA added 15 minutes after the dilution.
(0) Rapid dilution of Arc from 200 nM in 4M GuHC1; DNA added within 15
sec. The final Arc concentration in each experiment was 2 nM, and the final
buffer composition was binding buffer II plus 40 mM GuHCl.
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Figure 5a: Kinetics of operator binding at different total concentrations of Arc.
The curves were calculated from eq. 9 using values of kapp of 0.001 sec-1 (0.36
nM ), 0.012 sec-1 (0.71 nM), and 0.068 sec1l (1.4 nM).
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Figure 5b: Dependence of the apparent association rate on the concentration
of the free Arc dimer. The line is a least squares fit of the data.
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Figure 6: Sequence alignment of the MetJ, Arc, Mnt, and TraY proteins.
Regions of -structure (b) and a-helix (a) in MetJ (Rafferty et al., 1989) are
marked. In Arc, residues 8-14 are in an extended -conformation, while
residues 16-29 and 35-49 are a-helical (Breg et al., 1989; Zagorski et al., 1989).
Boxed residues indicate sequence identities. H indicates conserved
hydrophobic positions. Sequences begin with their natural N-termini. The
MetJ, Mnt and TraY proteins have additional C-terminal sequences which are
not included. Original sequence references and some pairwise alignments
can be found in Sauer et al. (1983), Bowie and Sauer (1990), Fowler et al. (1983),
Inamoto et al. (1988), Lahue and Matson (1990), and Breg et al. (1990).
CHAPTER 3
Assembly of the Arc Repressor-Operator Complex:
Cooperative Interactions Between DNA-Bound Dimers
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INTRODUCTION
The three-dimensional structures of almost twenty different DNA-
binding proteins and/or protein-DNA complexes have now been solved, and
the activities of scores of other sequence specific DNA-binding proteins have
been studied by a wide range of genetic, biochemical and biophysical methods
(for reviews, see Evans, 1988; Struhl, 1989; Berg, 1989; Harrison and Aggarwal,
1990; Steitz, 1990; Frankel and Kim, 1991; Harrison, 1991; Pabo and Sauer,
1992). Two themes emerge from these studies. The first is that simple
structural motifs, such as the helix-turn-helix or zinc finger, often mediate
direct contacts between the protein and the DNA. These motifs provide a
surface that fits into the major groove of double-stranded DNA, allowing
direct contacts between protein side chains and the DNA bases. The second
theme is that of cooperativity. It is exceedingly rare that protein-DNA
recognition is mediated by a single structural unit. Many proteins bind DNA
as homodimers, heterodimers or higher oligomers. Even when only a single
protein is involved in DNA binding, there are often several independent
structural domains that contact the DNA. As a result, protein-protein
interactions (whether between or within molecules) almost always serve to
couple the binding energies of individual DNA-binding units.
Understanding and characterizing the contributions of these cooperative
interactions is critical to understanding fully the process of protein-DNA
recognition.
We have been studying the Arc repressor of bacteriophage P22, which
is a dimer at high protein concentrations but exists largely as a denatured
monomer at the sub-nanomolar concentrations where operator DNA binding
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is observed in vitro (Vershon et al., 1985; Bowie and Sauer, 1989a; Brown et
al., 1990). Under these conditions, operator binding is a highly cooperative,
fourth order reaction, and the Arc tetramer is the oligomeric species that is
stably bound to operator DNA (Brown et al., 1990). In the solution structure
of the Arc dimer, the monomers are intertwined (as opposed to being distinct
globular domains) with residues 8-14 of each monomer pairing to form an
anti-parallel -ribbon (Breg et al., 1990). Genetic studies indicate that the
solvent exposed residues in this P-ribbon play important roles in DNA
binding (Vershon et al., 1986; Bowie and Sauer, 1989b; Knight and Sauer,
1989). The arc operator is a 21-base-pair sequence with an axis of approximate
two-fold rotational symmetry passing through the central base-pair (Vershon
et al., 1987; 1989). Thus, the operator can be thought of as being composed of
symmetrically related 10-base-pair half-sites.
Model building studies show that the -ribbon region of an Arc dimer
could fit neatly into the major groove of an operator half-site (Breg et al.,
1990). The stable Arc tetramer-operator complex would thus be composed of
two dimers, each bound to an operator half-site. In this model, monomer-
monomer contacts are important both for formation of the 5-ribbon DNA-
binding motif and for overall stabilization of the dimer. It also seems likely
that protein-protein contacts between adjacently bound dimers are important
for stabilizing the DNA bound tetramer. Dimer-dimer contacts of this type
have been directly observed in the cocrystal structure of the DNA complex of
the MetJ repressor, a protein related to Arc (Somers and Phillips, 1992).
There are several possible paths for the assembly of the Arc tetramer-
operator DNA complex. Two dimers could form a tetramer in solution and
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then bind to the DNA. Alternatively, dimers could bind sequentially to
operator half-sites with tetramer formation occurring on the DNA. In this
paper, we demonstrate that Arc dimers can specifically bind to operator half-
sites, and determine the equilibrium constants and kinetic constants for these
interactions. We show that the dimer-bound operator is a kinetic
intermediate in the overall binding reaction. We also analyze
thermodynamic cycles that allow estimates of the free energy of Arc tetramer
formation on the DNA and argue that direct binding of solution tetramers to
DNA is a kinetically insignificant reaction.
MATERIALS AND METHODS
Buffers: SB contains 50 mM Tris (pH 8.0), 0.1 mM EDTA, 5% glycerol and 1.4
mM 2-mercaptoethanol. CB contains 50 mM Tris (pH 8.0), 100 mM KC1, 0.1
mM EDTA and 1 mM 2-mercaptoethanol. Loading buffer for the gel mobility
shift assays contains 50% glycerol in 10 mM Tris (pH 8.0), 1 mM EDTA (pH
8.0). Loading buffer for DNase footprinting contains 95% formamide, 20 mM
EDTA and 0.05% xylene cyanol. Binding buffer contains 10 mM Tris (pH 7.5),
3 mM MgC12, 0.1 mM EDTA, 100 mM KC1, 100 gg/mL bovine serum albumin
(BSA) and 0.02% Nonidet NP-40 (NP-40). Both BSA and NP-40 serve to
reduce Arc sticking to glass and plastic surfaces at low protein concentrations.
Dilution buffer is the same as binding buffer with the addition of 50%
glycerol. DNase reaction buffer contains 10 mM Tris (pH 7.5), 10 mM MgC12,
1.5 mM CaC12, 0.1 mM EDTA, 50 mM KC1, 1 mM dithiothreitol, 25 gg/mL
sonicated salmon sperm DNA and 100 gg/mL BSA. DNase I storage buffer is
50% glycerol, 150 mM NaCl, 10 mM Tris (pH 7.5) and 1 mg/mL BSA. All
buffer components are reagent grade. Water was distilled and deionized
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using a Millipore MilliQ system. PCR buffer contains 50 mM KC1 and 10 mM
Tris-HCl (pH 8.3) and was obtained from Perkin-Elmer Cetus in the
GeneAmp PCR Core Reagents kit.
Protein Purification: Arc was expressed in Escherichia coli strain X90/pTA200
(Amman et al., 1983) and purified as described by Vershon et al. (1986) with
some modifications. Cells were grown in LB broth supplemented with
150 gg/mL ampicillin. Cells were harvested, lysed and the lysate precipitated
with polyethyleneimine and ammonium sulfate as described. The
resuspended ammonium sulfate pellet was dialyzed in Spectra/Por 3 dialysis
membrane into SB, and then chromatographed with a KC1 gradient from
50 mM to 600 mM on a CM Accell (Waters) column using a Pharmacia FPLC.
The pooled fractions were precipitated with ammonium sulfate, resuspended
in CB plus 4 M GuHCl and loaded onto a Sephadex G-75 column equilibrated
in the same buffer. Fractions containing Arc were first dialyzed against
50 mM NH4HCO 3, then dialyzed against water and concentrated using an
Amicon ultrafiltration cell. The purified sample was adjusted to 10 mM Tris
(pH 7.5), 0.1 mM EDTA and 50 mM KC1 and stored in small aliquots at -200C.
Arc-st5 was purified using essentially the same protocol and was a gift from
Marcos Milla. Arc-st5 is a variant bearing five additional C-terminal amino
acids with the sequence Lys-Asn-Gln-His-Glu. This tail does not affect the
structure, stability or operator affinity of Arc as assessed by biochemical
experiments in vitro. Arc concentration was determined using an extinction
coefficient at 280 nm of 6756 M-1 cm-1 as described (Brown et al., 1990) and is
expressed as moles of Arc monomer equivalents per liter. The actual
monomer or dimer concentration at a given total Arc concentration can be
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calculated from eq. 3 and/or eq. 4 (see below) and the equilibrium constant of
folding and dimerization (Bowie and Sauer, 1989a).
Plasmid Construction: pAO200 and pAO250 were constructed as sources of
DNA fragments for footprinting bearing, respectively, the intact operator
sequence and the left half-site operator sequence. Oligonucleotides were
synthesized and annealed to form the two insert cassettes (shown in Fig. la)
These cassettes and the gap linker 5'-ATTGCA-3' were ligated into the
Pst I-Sma I backbone of pBLUESCRIPT KS (-) (Stratagene). Ampicillin-
resistant transformants of E. coli strain X90 were selected and the insert
sequences were confirmed by dideoxy sequencing.
DNA Fragments: The operator DNA fragments used for the gel mobility shift
assays and the primers used for polymerase chain reactions (PCR) were
synthesized using an Applied Biosystems 381A DNA synthesizer. The
oligonucleotides were purified by FPLC chromatography using an anion-
exchange Mono-Q column or by gel electrophoresis following standard
procedures (Maniatis et al., 1982). The sequences of DNA fragments used for
binding assays are shown in Fig. lb. Fragment 01 contains the 21-base-pair
wild-type arc operator sequence with a few flanking nucleotides. Fragments
L1 and L2 contain the left half-site and fragments R1 and R2 contain the right
half-site of the operator. A 19-base-pair fragment (NS1) and a 51-base-pair
fragment (NS2) were used to assay nonspecific binding. In choosing
nonspecific sequences or sequences flanking operator sites, care was taken to
exclude TAGA sequences as these elements seem to be critical for specific Arc
binding (Vershon et al., 1989).
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DNA fragments were end-labelled by kinasing one of the pair of
complementary oligonucleotides using y-32P-labelled ATP and T4
polynucleotide kinase (Maniatis et al., 1982). The reaction was heat-
inactivated for 10 min at 68°C and a 2-fold excess of the unlabelled
complementary oligonucleotide was added to allow formation of the duplex
DNA. The mixture was extracted once with phenol:chloroform:isoamyl
alcohol (25:24:1) and the duplex was separated from the unincorporated ATP
on a Sephadex G-25 spin column (Boehringer Mannheim Corp).
Fragments for use in DNase footprinting (an 80-base-pair fragment for
the intact operator sequence and a 79-base-pair fragment for the left half-site
sequence) were generated by PCR using kinased primers and a plasmid-
derived template molecule. The two PCR primers were:
5'-AGAACTAGTGGATCC-3' and 5'-AGCTTGATATCGAAT-3'. To obtain
product radiolabelled on only one strand, in a given PCR reaction, only one of
the two primers was kinased. The PCR template molecules were generated by
digesting pAO200 or pAO250 to completion with Cla I and Eag I. The desired
fragments, 88 base-pairs for the intact operator and 87 base-pairs for the left
half-site, were then purified on a 2% agarose gel, cut out and extracted using
the Qiaex procedure (Qiagen, Inc). PCR reactions were performed using
reagents from Perkin Elmer Cetus. Each 200 gl reaction contained: PCR
buffer, 2.5 mM MgCl2, 100 gM each of dNTP's, approximately 100 ng of
template DNA, 50 pmol of each primer and 5 units of AmpliTaq ®DNA
polymerase. The reactions were cycled 20 times following a cycle profile of
denaturing at 94C for 60 s, annealing at 380C for 40 s and extension at 72°C for
60 s. The final cycle had a 10 minute extension time. The auto-segment
extension feature of the Perkin-Elmer Cetus DNA Thermal Cycler was used to
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increase the extension time 5 s each cycle. The PCR product was purified by
non-denaturing polyacrylamide gel electrophoresis, excised, eluted overnight
into 250 mM NaOAc (pH 4.8) and ethanol-precipitated.
Gel Mobility Shift Assays: Gel mobility shift assays were performed
essentially as described (Brown et al., 1990). Arc protein was freshly diluted in
binding buffer in either polypropylene tubes or microtiter plates. Protein
(9/10th of the reaction volume) was added to 1/10th volume of DNA (final
concentration 8 to 20 pM) in microtiter plates and reactions were incubated
for a minimum of 2 hours at room temperature (20 (+ 1)°C). A 1/10th
volume of loading buffer was added to each reaction and 800 cpm per lane
were loaded onto a nondenaturing 0.5X TBE 7% polyacrylamide gel
(acrylamide: bisacrylamide [29:1]). No dye was used in the loading buffer
added to the samples as it was found to compete for binding in the half-site
operator assays. Instead, a separate lane of tracking dye (0.02% xylene cyanol
and 0.02% bromophenol blue) was loaded. Gels were pre-electrophoresed at
300 V for at least 30 minutes before loading. After loading, gels were
electrophoresed at 300 V until the dye migrated into the gel and then at 150 V
until the bromophenol blue was roughly 1 inch from the bottom of the gel.
Gels were dried and autoradiographed, and band intensities were quantitated
by densitometry (Brown et al., 1990).
For mixed oligomer assays (Brown et al., 1990), Arc and Arc-st5 were
diluted to 2.2 nM in binding buffer, mixed in different ratios, heated to 68°C
for 5 minutes, and allowed to cool to room temperature. This protein
mixture was then mixed with operator, incubated, and electrophoresed as
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described above. For better visualization, 1100 cpm per lane were loaded for
these reactions.
In several cases, the affinity of Arc for DNA fragments was measured
by competition assays. To measure the affinity of Arc for L1, labelled 01
operator (final concentration 15 pM) and different concentrations of
unlabelled L1 were mixed, and then Arc protein was added to a final
concentration of 0.3 nM. The reaction conditions, buffers, incubation times
and electrophoreses were as described for the gel mobility shift assay. To
measure the affinity of Arc for NS2, two different experiments were
performed. In the first, labelled 01 (final concentration 15 pM) and different
concentrations of unlabelled NS2 were mixed, and then Arc protein was
added to a final concentration of 0.28 nM. In the second experiment, labelled
L1 (final concentration 15 pM) and different concentrations of NS2 were
mixed, and then Arc protein was added to a final concentration of 8.0 nM. In
both experiments, reactions were then incubated, and electrophoresed as
described for the gel mobility shift assays.
Dissociation Rates: Arc at a final concentration of 4 nM for experiments using
the L1 fragment or 10 nM for experiments using the R2 fragment was
incubated with 3 x 104 cpm of DNA at room temperature. The mixture was
diluted 20-fold with dilution buffer and at different times samples were taken
and loaded onto a 0.5X TBE 7% acrylamide gel running at 300 V. After all
samples were loaded, the gel was run at 150 V and processed as described
above. The resulting final Arc concentration of 0.2 nM (L1) or 0.5 nM (R2)
would result in less than 5% DNA bound in an equilibrium experiment.
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Association Rates: Arc was diluted using binding buffer plus 5% glycerol and
the dilutions were pre-equilibrated in a 20°C waterbath. Binding was initiated
by adding Arc (in 9/10th of reaction volume) to approximately 10,000 cpm of a
DNA fragment (either 01, L1, or R2 in 1/10th volume) with gentle mixing
and at different times, samples were removed and loaded onto a 0.5x TBE 7%
acrylamide gel running at 300 V. After all the samples were loaded, the gel
was run at 150 V until the bromophenol blue was about one inch from the
bottom of the gel. Gels were dried and band intensities quantitated by using
either autoradiography and densitometry as described above or by using
phosphorimagery. For the latter, the dried gel was exposed on a
phosphorimager screen for 125 minutes. The screen was scanned on a
Molecular Dynamics PhosphorImager and the results were quantitated by
volume integration using ImageQuant software. Association rate data were
fit by trial and errror using a computer program written to numerically
integrate the linearized rate equations with a time step of 0.01 sec.
DNase I Footprinting: Arc or an equivalent volume of DNase I reaction
buffer was incubated with 25,000-100,000 cpm of PCR-generated DNA, in a
100 jgl reaction, for at least one hour at room temperature. A 10 jgg/ml stock
solution of DNase I in storage buffer was diluted to 0.2 gg/ml in DNase I
reaction buffer and added to the Arc-DNA mixture at a final concentration of
9.5 ng/ml. The reaction was allowed to proceed for 18 minutes and was
quenched by addition of 700 gl of a mixture of ice-cold ethanol and 5 M
NH 4OAc (6:1, v/v). Samples were centrifuged for 30 minutes and the pellet
was washed with 70% ethanol and dried in a Savant Speed Vac Concentrator.
To obtain footprints representative of the bound complexes, samples were
resuspended in binding buffer and 1/10th volume of loading buffer and
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electrophoresed as described for the gel mobility shift assays. The Arc-DNA
complexes, containing roughly 50% of the counts, were excised and the DNA
eluted overnight into 250 mM NaOAc (pH 4.8) at 370C. The eluate was
ethanol precipitated, washed with 70% ethanol, dried briefly, resuspended in
50 gl MilliQ water and desalted using a G-25 Sephadex spin column
(Boehringer Mannheim Corp.) equilibrated in water. Samples were then
dried and counted. Samples were resuspended in footprint loading buffer,
heated to 90°C for 2 minutes and loaded onto an 8% denaturing acrylamide
gel (acrylamide: bisacrylamide [19:1]), that had been pre-electrophoresed for at
least an hour at 55 W. In the samples containing protein, about 8000 cpm
were loaded per lane. For control DNase I reactions, 4000 cpm were loaded.
Maxam and Gilbert "G"-sequencing reactions were included to allow band
identification (Maxam and Gilbert, 1980).
Calculations: For the reactions shown in Fig. 2,
[Atotal] = [U] + 2[A 2] + 4[A 4 ] + 2[A2LO] + 2[A2RO] + 4[A 40] (1)
where [Atotal] is total Arc protein (in monomer equivalents), [U] is the
concentration of Arc monomers, [A2] is the concentration of Arc dimers, [A4]
is the concentration of Arc tetramers, [A2LO] and [A2RO] are the
concentrations of the Arc dimer-operator complexes where the dimer is
bound to the left half-site or the right half-site, respectively and [A40] is the
concentration of the Arc tetramer-operator complex. As discussed in the
Results section, the concentration of free Arc tetramers is extremely low and
thus can be ignored. Moreover, because Arc is always present in significant
excess over total operator DNA in our experiments, the concentration of
bound Arc can also be ignored. These facts allow simplification of eq. 1 to:
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[Atotal] [U] + 2[A 2] (2)
The concentration of Arc monomers and dimers is related by the equilibrium
expression:
[U]2
I 1 A2
Substituting [U]
2
K1 for [A2] in eq. 2 and solving the resulting quadratic
expression gives:
[U] (4) G + 8[Atotal]K 1 ) (4)
The binding isotherm relating the fractional saturation of a DNA site by the
Arc dimer is given by:
[A20]
d = [0] + [A2 0] -
1
K1K2
+ [U]2
[A21[0]K2 [A2 0]
(5)
(6)
The binding isotherm relating the fractional saturation of a DNA site by the
Arc tetramer is given by:
[A 4 0] 1
't [O1 + [A40] = K2LKobs
+ [U]4
(7)
where
where
(3)
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Kobs - [A2]2 [o] (8)
Kob [A 40] (8)
For analysis of assays in which Arc binding to competitor DNA (designated I)
reduces the concentration of a small quantity of the A40 complex,
conservation equations are
[Atotal] = [U] + 2[A2 ] + 2[A2 I] (9)
and
[Itotal] = [I] + [A2I] (10)
The equilibrium constant for binding of the Arc dimer to the competitor I can
then be written as
[A2][I] ([U] 2 )( 2[Itotal ]Ki 2 -\K1\ 1) (11)
[Atotal] + [U] - K1
where U is related to Ot by
K 2K
o
b st
[U] = 1 (12)
For analysis of assays in which Arc binding to competitor DNA reduces the
concentration of a small quantity of the A20 complex, equations 9-11 are still
valid, and U is related to Od by
[U] = 1-d (13)
1-Od
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Derivation of the competition equations assumes that the Arc dimer is the
major DNA-binding species and that binding of Arc to the competitor is not
cooperative. In the case of nonspecific binding, two lines of evidence indicate
that binding of Arc is not cooperative. First, nonspecific binding is fit
extremely well by eq. 11. For example, the average value of Ki calculated at
five concentrations of the nonspecific competitor fragment NS2 ranging from
3.1 x 10-8 to 10-6 M was 2.3 (+ 0.8) x 10-8 M. Second, in gel shift experiments
using NS2, protein-DNA complexes containing one, two, three, four and five
Arc dimers were found to have roughly equal populations at half-maximal
binding (data not shown).
Error Analysis: In most cases, the values for the measured affinities and
dissociation rates are the averages (+ standard deviation) of three or more
independent experiments. When using these values to calculate other
constants, errors were propagated using the general method outlined by
Bevington (1969).
RESULTS
Under equilibrium conditions, Arc binds to its operator in a reaction in
which four denatured monomers combine with the operator to form a DNA
bound tetramer (Brown et al., 1990):
4U + O A4 0 (14)
Although this description accounts for the equilibrium properties of the
reaction, it is not physically reasonable that five molecules would collide in a
single kinetic step to form the protein-DNA complex. Arc dimers must play
some role in the assembly process because the complex is known to form
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faster when Arc is added as a dimer than it does when Arc is added as a
monomer (Brown et al., 1990). Fig. 2 shows several plausible routes for the
overall assembly of the Arc-operator complex. Each of the possible assembly
paths includes the Arc dimer (A2) and is composed of four bimolecular
reactions.
We refer to the different assembly possibilities shown in Fig. 2 by their
unique equilibrium steps. Thus, the K2K3 pathway refers to the path in
which one Arc dimer first binds to the left operator half-site and then a
second dimer binds to the right operator half-site. The K4K5 pathway is
similar to the K2K3 path except that the half-sites are filled in reverse order.
In the K6K7 pathway, two Arc dimers combine to form a solution tetramer,
which then binds to the operator.
Although the K6K7 path is physically reasonable, we believe that it is
kinetically insignificant. Arc is dimeric at concentrations as high as 0.2 mM
(Vershon et al., 1985) under conditions similar to those used in our DNA-
binding reactions. Hence the equilibrium constant for tetramer formation in
solution (K6) must be greater than 0.2 mM and there would be vanishingly
small amounts of tetramer (less than 7 x 10-17 M) at the subnanomolar Arc
concentrations where operator binding occurs. The initial rate at which A40
complexes form at an Arc concentration of 10-9 M and an operator
concentration of 5 x 10-12 M is 2.5 x 10-13 M sec-1 (Brown et al., 1990). For
preformed tetramers to account for this binding, k7, the association rate
constant for tetramer binding to the operator, would need to be greater than
4 x 1014 M-1 sec 1. However, this value is roughly 105-fold greater than the
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diffusion limit for bimolecular reactions and thus the K6K7 pathway cannot
be kinetically significant.
Arc Binding to Half-site Operators: To investigate the half-site binding
reactions that are part of the K2K3 and K4K5 pathways, we synthesized DNA
fragments containing only the left half-site or only the right half-site of the
operator for use in gel mobility shift assays. The sequences of these fragments
are shown in Fig. lb.
Figure 3a shows a gel mobility shift assay monitoring Arc binding to
the 19-base-pair fragment containing the left operator half-site (fragment L1).
There is a single bound complex with half-maximal binding at an Arc
concentration of roughly 1.5 nM. A nonspecific DNA fragment of similar
length (NS1) showed no complex formation over the same range of Arc
concentrations (data not shown). In Fig. 3b, the binding of Arc to the L1
fragment can be seen to be well fit by a theoretical curve for the second-order
reaction:
K 1 K2(L1)
2U+L1 A 2 +L1 A2L1 (15)
with K1 = 5 x 10-9 M (Bowie and Sauer, 1989a; Brown et al., 1990) and K2(L1) =
1.6 x 10-10 M. In repeats of this binding experiment, values for K2(L1) of 3.2 x
10-10 M and 4.5 x 10-10 M were obtained. We take the average of these values
(3.1 ( 1.5) x 10-10 M) as the equilibrium constant for dissociation of the Arc
dimer from the left operator half-site. As an independent method of
measuring Arc binding to L1, the affinity was also determined by using the L1
fragment to compete for Arc binding to the intact operator (01). This method
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yielded a K2(L1) = 3.5 x 10-10 M, which is within error of the average value
calculated from the gel mobility shift experiments.
To confirm that Arc binds to the L1 fragment as a dimer, the gel
mobility shift assay was repeated using a mixture of Arc and Arc-st5, a longer
but fully active variant. As seen in Fig. 4, three different protein-DNA
complexes are detected. The fastest and slowest migrating complexes co-
migrate with the bound complexes of Arc and Arc-st5, respectively. The
presence of a single intermediate is consistent with a dimer being the species
that binds to the operator half-site (Hope and Struhl, 1987).
Two operator fragments, R1 and R2, containing the right half-site were
synthesized and binding was tested. These two operators are 17-base-pair and
19-base-pair fragments, respectively. As with the left half-site, the binding of
Arc to the right half-site is a second-order reaction. The binding constant of
the Arc dimer for R1 (K2(R1)) was 1.5 ( 0.9) x 10-9 M (average of three
experiments) while for R2, K2 (R2) was 8.8 (± 1.0) x 10-10 M (average of four
experiments).
A second fragment (L2) bearing the left half-site with adjacent
nonspecific sequences was also synthesized. This fragment contains 29 base-
pairs, making it comparable in length to the intact operator, fragment 01.
Arc binding to the L2 and 01 operator fragments is shown in Fig. 5. Binding
to the intact operator, 01, results in a single bound species previously shown
to be a tetramer (Brown et al., 1990). Binding to L2 results in two bound
complexes. The slower migrating complex co-migrates with the Arc tetramer-
01 complex. A mixed oligomer assay confirmed that the faster migrating
complex is a dimer (not shown). The dissociation constant for binding of the
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first Arc dimer to L2 (K2(L2)) is 5.3 ( 3.9) x 10-10 M (average of four
experiments). The binding constant for the second dimer binding to the
dimer-L2 complex is 1.8 (+ 0.6) x 10-9 M (average of four experiments). We
assume the first dimer is bound specifically and the second dimer binds
nonspecifically to the adjacent DNA sequences. This interpretation is
supported by the finding that the slower migrating complex is not observed in
the presence of sonicated salmon sperm DNA at a concentration of 4.3 gg/ml
(data not shown).
Table 1, top panel, is a summary of the binding data for the different
half-site fragments. There is less than a 2-fold difference in affinities between
the two different length operators for each half-site (L1 and L2, and R1 and
R2). This observation indicates that the measured affinities have no
significant dependence on the length of the operators used. The affinity for
the right half-site appears to be slightly less than that for the left half-site.
This minor difference in relative affinities presumably reflects the fact that
the left and right half-sites are not identical in sequence.
Footprinting: Fig. 6a shows the DNase I footprint of Arc on DNA fragments
bearing the intact operator sequence or the left half-site sequence. Under the
conditions of the footprinting assay (25 gg/ml sonicated salmon sperm DNA)
control gel mobility shift experiments showed only a dimer complex with the
half-site fragment. The footprint of the tetramer on the intact operator is seen
in lane B and that of the dimer on the half-site in lane C. As expected, the
dimer footprint is less extensive than the tetramer footprint. Note also that
the enhancement in DNase cleavage seen at T4 for the tetramer bound
operator is greatly reduced in the dimer bound complex. In the experiment
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shown, the bottom DNA strand was labelled. Footprinting with the upper
strand labelled was also performed (data not shown). Fig. 6b shows
schematically the extent of protection on both strands. The tetramer footprint
is roughly centered over the two-fold axis of the operator (base 11). The dimer
footprint is roughly centered at base 5 or between bases 5 and 6 of the left half-
site.
Dissociation Kinetics: The rates of dissociation of the Arc dimer from the L1
and R2 half-site fragments were measured following rapid dilution of
protein-DNA complexes (see Fig. 7). For L1, the dissociation rate constant is -
0.35 sec-1 (estimated error ± 0.10), corresponding to a half-life of 2 seconds. For
R2, the dissociation rate constant is - 0.26 sec-1 (estimated error + 0.05),
corresponding to a half-life of 2.7 seconds. The half-life of the tetramer bound
to the intact operator is - 70 minutes, measured under similar conditions
(Vershon et al., 1987; Brown et al., 1990). Thus, the bound tetramer is
considerably more long-lived than the bound dimer.
Association Kinetics: The rate of association of Arc with the L1 half-operator
fragment was measured by mixing the protein (at concentrations from 0.5 to
1.4 nM) and DNA and then loading portions of the mixture onto a running
gel at different times. Values for the association rate constants were then
determined by numerical fitting of the resulting concentration versus time
data (see Methods). For these calculations, dissociation of the half-operator
complexes is a significant reaction, even at early times, and was included in
the numerical fitting protocol using the dissociation rate constants measured
above. An example of an association experiment is shown in Fig. 8a. The
experimentally determined association rate constant for the Arc dimer
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binding to L1 was 9.8 (+ 6.9) x 108 M-1 sec-l. An independent value of 1.1
(+ 0.6) x 109 M-1 sec-1 was calculated for this association rate constant by
dividing the dissociation rate constant by the equilibrium dissociation
constant. The association rate constant for the Arc dimer binding to the R2
fragment was calculated to be 3.0 ( 0.7) x 108 M-1 sec-1. These second-order
rate constants are all close to the diffusion limit.
Association rate experiments were also performed using Arc and the
intact operator fragment 01. As shown in Fig. 8b, dimer-bound intermediates
are detected at early time points and are chased into the tetramer-bound
complex as a function of time. The transient presence of dimer-bound
intermediates in the assembly of the tetrameric complex provides strong
support for the model in which assembly occurs by sequential addition of
dimers to the operator. Furthermore, the kinetic values used to calculate the
theoretical curves in Fig. 8b (see figure legend) are close to those measured in
other half-site or whole site experiments (see lower panel, Table 1). This
observation indicates that the dimer-bound operator is a kinetically
significant intermediate in the assembly of the Arc tetramer-Ol complex.
Analysis of Cooperative Binding Energy: A model illustrating the sequential
binding of two Arc dimers to intact operator is shown in Fig. 9. We assume
that K2 is equal to K2(L1) and that K4 is equal to K2(R2). A value of Kobs = 4.5
(+ 2.7) x 10-23 M2 (average of five experiments; data not shown but see Brown
et al., 1990 for comparable data) was measured by analysis of Arc binding to
the 01 fragment. Because the top and bottom portions of the figure represent
thermodynamic cycles, values for K3 = Kobs/K2 = 1.5 ( 1.1) x 10-13 M and K5 =
Kobs/K4 = 5.2 (+ 3.1) x 10-14 M can be calculated. Note that K2 represents
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binding of the Arc dimer to the left half-site when the right half-site is free,
while K5 represents binding of a dimer to the left site when the right half-site
is occupied. A similar relationship for binding to the right half-site holds true
for K4 and K3. Thus, the ratio K2 /K 5 = K4/K3 = 5.9 (+ 4.7) x 103 represents the
cooperative enhancement in binding of the second dimer when the left or
right half-site is already occupied.
Nonspecific Binding: The affinity of Arc for nonspecific DNA was measured
using two fragments, NS1 and NS2. The binding of Arc to NS1 (K2(NS1) = 1.8
x 10- 7 M) was measured by monitoring the loss of free DNA using a gel
mobility shift assay (no discrete bound band was detected with the NS1
fragment). The binding of Arc to NS2 was measured by a competition assay
against the A 4 0 complex (K2(NS2) = 2.3 x 10-8 M) or the A2 L1 complex (K2(NS2)
= 3.5 x 10-8 M). The K2(NS1) and K2(NS2) affinity values cited are macroscopic
equilibrium constants. The corresponding microscopic equilibrium constants
(Ksite) can be calculated by assuming that NS1 has 9 identical nonspecific sites
of 10 base-pairs and NS2 has 40 such nonspecific sites. The Ksite values from
three experiments are 1.6 x 10-6, 9.2 x 10-7 and 1.4 x 10-6 M, respectively. We
take the average of these values [1.3 (+ 0.4) x 10-6 M] as a reasonable estimate
of the affinity of the Arc dimer for a single nonoperator site.
DISCUSSION
Oligomerization is an extremely common theme in protein-DNA
interactions. The Arc repressor of phage P22 exists as an equilibrium mixture
of denatured monomers and native dimers in solution (Bowie and Sauer,
1989) and as a tetramer when bound to its 21-base-pair operator (Brown et al.,
1990). Although monomers are the predominant species at the low
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concentrations where operator binding is observed, there is no evidence that
they bind to operator DNA. The dimer is the kinetically significant species in
terms of DNA binding (Brown et al., 1990), presumably because the -ribbon
DNA-binding motif of Arc is only formed in the dimer (Breg et al., 1990).
Here, we have shown that Arc dimers bind specifically to DNA fragments
containing half-operator sites. Moreover, dimer complexes with the intact
operator appear as transient kinetic intermediates in association experiments.
These observations suggest that assembly of the tetramer-operator complex
occurs by the sequential addition of two dimers as shown in the K2K3 and
K4K5 pathways of Fig. 2. Microscopic reversibility dictates that the
disassembly of the bound tetramer will occur by the reverse of the assembly
process, i.e. by sequential dissociation of the two dimers. We have not ruled
out the K6K7 path, in which solution tetramers bind directly to the operator
or dissociate directly from the operator, but have argued that the flux through
these pathways must be kinetically insignificant.
Comparisons of the half-operator and whole-operator binding affinities
of Arc indicate that when a half-site is occupied by an Arc dimer, cooperative
interactions enhance the binding affinity of the second Arc dimer between
1,200-fold and 10,600-fold. This can be seen by comparing the K2 and KS, or K4
and K3, terms in Figure 9. Because of this cooperative stabilization, dimer
complexes are thermodynamically unstable relative to tetramer complexes
and, under the conditions of the binding assays using the intact operator, only
the tetramer complex is observed at equilibrium. The complexes between Arc
dimers and half-operator fragments were found to be short-lived, with half-
lives of a few seconds. In contrast, the complex between the Arc tetramer and
the intact operator is considerably more long-lived, with a half life of 70 min.
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The dissociation of the "cooperatively" bound dimer (i.e., the k-3 and k-5 steps
in Fig. 2) will be rate limiting for dissociation of the tetramer complex. If we
assume that k 3 = k-5 (this is reasonable since k-2 k 4), then each of these
dissociation rate constants would have a value of 8.2 x 10-5 sec-1.
Comparison of these values with those estimated for the k-2 and k-4 steps
from the half-operator data indicates that a "cooperatively" bound dimer is
roughly 4000-fold more long-lived than a "non-cooperatively" bound dimer.
Thus, kinetic stabilization largely accounts for the enhancement in the
binding affinity of the second dimer in the tetramer-operator complex.
The difference in the dissociation rates of the tetramer and the dimer
complexes may also be germane to the observed effect of dyes in the
equilibrium binding assays. The presence of the bromophenol blue and
xylene cyanol dyes in the loading buffer for the gel shift assays was found to
greatly reduce the apparent affinity of Arc for the half-site fragments. This
effect, however, was not observed in assays of Arc binding to the intact
operator. We assume that the dyes compete by binding to either the free
protein or free DNA. In the few minutes between addition of the loading
buffer to the Arc-operator complexes and loading the samples onto a gel, most
of the dimer-bound complexes would dissociate and reassociate repeatedly
and thus be susceptible to competition whereas almost none of the tetramer-
bound complexes would dissociate and thus be at risk.
The free energy change (AAG) of dimer-dimer cooperativity can be
calculated as -RTln(K2/K5) or -5.1 (0.5) kcal/mol. This value can be viewed
as representing the free energy change associated with formation of the DNA-
bound Arc tetramer from two DNA-bound Arc dimers. A common mistake
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is to attempt to equate this unimolecular free energy with that expected for
formation of an Arc tetramer from two dimers in solution, but this ignores
the translational and rotational entropy costs, which can be as high as 10 to 15
kcal/mol (Jencks, 1981), required to position two Arc dimers in solution. On
the DNA, these entropic costs are largely paid by the energy of dimer binding
to the operator half-sites.
In assays using the L2 half-operator fragment, we observed a complex
that appears to consist of a specifically bound dimer and a nonspecifically
bound dimer. In this case, the affinity of the nonspecifically bound dimer was
about 2 x 10-9 M, but for DNA fragments such as NS1 and NS2, the
microscopic equilibrium constant (Ksite) is approximately 1.3 x 10-6 M. Hence,
there would also appear to be cooperative enhancement in the affinity of the
nonspecifically bound dimer in the L2 tetramer complex. A somewhat
analogous situation has been observed in the cocrystal of an 86 amino acid
fragment of the glucocorticoid receptor bound to a DNA recognition site
(Luisi et al., 1991). In this case, the bound dimer consists of one specifically
bound monomer and one nonspecifically bound monomer, with extensive
protein-protein contacts apparently stabilizing the complex. We note,
however, that there is no apparent dimer-dimer cooperativity when Arc
binds to nonspecific DNA. As a result, formation of favorable protein-protein
interactions is likely to require at least some specific protein-DNA
interactions.
The structure of the complex of the Arc tetramer and operator DNA is
not currently known. However, MetJ repressor, a homolog of Arc, also binds
to operator DNA as a tetramer (Somers and Phillips, 1992). In this case, the
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cocrystal structure shows helix-helix packing interactions between the MetJ
dimers bound to the two operator half-sites and also reveals that the operator
DNA is bent around the protein. Thus, MetJ cooperativity may well result
from a combination of protein-protein contacts and from conformational
changes in the DNA (Somers and Phillips, 1992). The met and arc operators
are different in terms of size and half-site spacing and thus there is no reason
to assume that Arc will use the same mechanism of cooperativity as MetJ.
Nevertheless, it is interesting that enhanced cleavage is observed between
bases 3 and 4 in the DNase I footprint of the Arc tetramer-operator complex
(see Fig. 6a; Vershon et al., 1987). Since DNase I is sensitive to the width of
the minor groove (Drew, 1984; Drew and Travers, 1984), this may suggest that
the Arc tetramer also bends or kinks the operator DNA, thereby altering the
width of the minor groove. It is important to note, however, that the
enhanced DNase I cleavage is markedly reduced in the Arc dimer-operator
complex and thus the putative bending would seem to be a consequence of
the binding of the second dimer binding rather than a prelude to it.
If protein-protein contacts are involved in stabilizing the bound Arc
tetramer, then there should be a class of Arc mutants that are defective in
cooperativity. A pure cooperativity mutant should bind with wild-type
affinity and kinetics to half-site operators, but with an increased dissociation
rate and reduced affinity to the intact operator. We are presently screening a
collection of Arc mutants that are defective in operator binding in vivo
(Vershon et al., 1986) for variants with this phenotype.
In the intact arc operator, there is an axis of approximate two-fold
symmetry through the central CG base-pair of the 21-base-pair site that is
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evident both in the DNA sequence and in the patterns of chemical and
enzymatic protection afforded by bound Arc (Vershon et al., 1987; 1989;
Knight and Sauer, 1989). There is also a second set of symmetry axes evident
in the footprint data which pass between bases 5 and 6, and 15 and 16. The
roughly symmetrical contacts within each half-site are consistent with our
model in which a symmetric Arc dimer binds to each half-site. The DNA
sequence of each half-site, however, shows little obvious symmetry. It may be
that Arc cannot make fully symmetric contacts within a DNA half-site for
reasons of tertiary or quaternary structure and that it actually binds with
maximal affinity to asymmetric half-site sequences such as those found in the
wild-type operator. Alternatively, the wild-type operator sequence may not
have been selected for maximal affinity. It should be possible to address these
issues using methods to select high affinity binding sites in vitro (Blackwell
and Weintraub, 1990).
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Table I: (next page) The top panel shows the affinities of the Arc dimer for
the different half-sites used in gel mobility shift assays. The bottom panel is a
summary of the average values determined or calculated for the equilibrium
and rate constants of the K2K3 and K4K5 pathways shown in Figs. 2 and 9.
The value used for K1 was 5 x 10-9 M (Bowie and Sauer, 1989a; Brown et al.,
1990).
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Table I: Summary of affinities and rate constants.
Length (bp)
19
29
17
19
Rate
Dimer Affinity
3.1 (+ 1.5) x 1 0 M
5.3 ( 3.9) x 10-10 M
1.5 (+ 0.9) x 10-9 M
8.8 (+ 1.0) x 10-10 M
Value
3.1 x 10-1 0 M
1.1 x 109 Mlsec -1
0.35 sec' 1
1.5 x 10-1 3 M
5.5 x 108 M-lsec-l 1
8.2 x 10- 5 sec -1
8.8 x 10- 10 M
3.0 x 108 M-lsec 1-
0.26 sec - 1
5.2 x 10 -1 4 M
1.5 x 109 M-lsec - 1
8.2 x 10-5 sec' 1
Operator
L1
L2
R1
R2
Equilibrium
K2
k2
k-2
K3
k3
k-3
K4
k4
k-4
k5
k-5
K5
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a
Intact Operator
Cassette
Half-site Operator
Cassette
5'-ATACAGTGCAGCGACpTGATAGAAGCACTCTACTAT CCC-3'
3'-TGTCACGTCGCTGACTATCTTCGTGAGATGATA GGG- 5
5'-ATACAGTGCAGCGAC TGATAGAAGCAC TGCCTCGACCC-3'
3'-TGTCACGTCGCTG ACTATCTTCGTG ACGGACTGGG-5'
5'-ATCG TGATAGAAGCACTCTACTAT G-3
3 '-TAGCACTATCTTCGTGAGATGATASC-5'
5'-TGAC TGATAGAAGCAC T-3'
3'-ACTG ACTATCTTCGT A-5
5'-TGAC TGATAGAAGCAC TGCCTCGATTC-3'
3'-ACTG ACTATCTTCGTGC ACGGAGCTAAG-5'
5'-GCACTCTACTATTTC-3'
3'- TCGTGAGATGATATAAG-5'
5'-ACAGCACTCTACTA ATTC-3'
3'-TG CGTGAGATGAT TAAG-5'
5'-TGACCGCCGCACAGCACGT-3'
NS 1 3'-ACTGGCGGCGTGTCGTGCA-5'
Figure 1: a) Sequences of the oligonucleotide cassettes used to clone the intact
arc operator sequence and the left half-site sequence for footprinting studies.
b) Sequences of the DNA fragments used in binding assays. Operator
sequences are boxed with the central CG base-pair indicated by a diamond.
b
01
L1
L2
R1
R2
left
A2 0 + A2
K4
2A2+ °' "Ik
K6'
right K5
A20 + A2 ,
A4 + O
Figure 2: Models for Arc binding to its operator. U represents the denatured
Arc monomer, 0 represents operator DNA, A2 is the Arc dimer, A2 0 is a
dimer-complex (bound either to the left half-site or the right half-site as
indicated) and A40 is the tetramer-bound complex.
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Figure 3a: (next page) Gel mobility shift assay of Arc binding to the L1 half-
operator fragment. The total Arc concentration increases from left to right in
2-fold increments from lane a (1.9 x 10-10 M) to lane j (1.0 x 10-7 M). Lane k is
a no protein control. The DNA concentration in each lane is - 8 pM.
L1
a b c d e f g h
dimer
complex
free DNA ---
i j k
1.0
0.8
0.6
0.4
0.2
0
10-10 10- 9
total
10-8
Arc (M)
Figure 3b: Binding curve of the Arc-L1 binding data from panel A. The solid
[A2L1] 1
line represents the equation: 0 dimer = [A2L1] + [L1] = K1K2(L1) with K1 =
5 x 10-9 M and K2(Ll)= 1.6 x 10-10 M. [T] 2
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Figure 4: (next page) Mixed oligomer experiment. Lanes containing the L1
half-operator DNA fragment incubated with no protein, Arc, or Arc-st5 are
indicated. Lanes a-d contain L1 DNA incubated with 2:1, 1:1, 1:2 and 1:3 molar
ratios of Arc and Arc-st5, respectively. The total protein concentration in each
assay was 2 x 10-9 M.
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Figure 5: (next page) Gel mobility shift assays of Arc binding to the 01
operator fragment (left side) or L2 half-operator fragment (right side). The
total Arc protein concentration in lanes a through f is 8.0 x 10-11 M, 8.0 x 10-10
M, 1.6 x 10-9 M, 3.2 x 10-9 M, 6.4 x 10-9 M, and 2.6 x 10-8 M, respectively. Lane g
is a no protein control. The DNA concentration in each lane is -11 pM.
01
a b c d e f g
L2
a b c d e f g
tetramer
-complex
dimer
complex
4- free DNA9 I W- I  . s' _ 0
125
Figure 6a: (next page) DNase I footprint of Arc on DNA fragments bearing
the intact operator sequence or left half-operator sequence. Lanes a and d are
no protein controls. Lanes b and c show the pattern of cleavage in the
presence of 8 x 10-7 M total Arc protein. The DNA fragments (3 nM) were
labelled at the 5' end and correspond to the bottom strands shown in Figure
la. Footprinting reactions were performed in the presence of 25 gg/ml
sonicated salmon sperm DNA.
intact left
abc d
T1-
T4-
G11--
A21-
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127
1 3 5 7 9 11 13 15 17 19 21
...ATACAGTGCAGCG CATGATAGAAGCACTCTACTATACCCG GGO...
... TATGTCACGCGCTGTACTATCTTCGTGAGATGATATGGCCC...
1 3 5 7 9 11 13
... ATACAGTGCAGCG ACATGATAGAAGCACGTGCCTCGACCCGGGG...
... TATGTCACG TCGCGTACTATCTTC GCACGGAGCTGGGCCCC...
Figure 6b: Summary of the DNase protection data. The extent of protection
from cleavage on each sequence is indicated by the bracketed area. Operator
bases are numbered. The position of Arc-mediated enhancement of DNase I
cleavage in the intact operator is marked by an arrow.
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Figure 7: Dissociation of DNA complexes between Arc dimers and the L1 ()
and the R2 () half-operator fragments. Time is counted from the loading of
the first dissociation time point on the gel (protein and DNA were mixed
- 3 sec before). The solid lines represent the equation In(- 0) = -koff*t with
0 for and k
koff = 0.42 sec- 1 for Li and koff = 0.30 sec- 1 for R2.
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Figure 8a: Association kinetics for Arc-DNA binding. a) Arc binding to half-
site fragment, L1. Data for free operator and dimer bound-operator are as
indicated. The curves are those expected using the rate constants: k2 =
6 x 108 M-lsec -1 , k 2 = 0.35 sec-1 . The total Arc concentration was 1.4 x 10-9 M.
The total operator concentration was -10 pM.
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Figure 8b: Arc binding to intact operator fragment, 01. Data for free operator,
dimer-bound operator and tetramer-bound operator are as indicated. The
curves are those expected using the K2K3 and K4K5 pathways of Figure 2 with
the rate constants: k2 = 6 x 108 M-lsec - 1 , k-2 = 0.3 sec- 1, k3 = 1.5 x 109 M-lsec- 1 ,
k-3 = 8 x 10-5 sec - 1, k4 = 3 x 108 M-lsec - 1 , k-4 = 0.3 sec- 1, k5 = 3 x 109 M-lsec - 1, k-5
= 8 x 10-5 sec- 1. The total Arc concentration was 5.0 x 10-10 M. The total
operator concentration was -10 pM.
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Figure 9: Thermodynamic cycles for analysis of cooperative binding of Arc
dimers to operator DNA. K2 and K4 are assumed to be equal to K2(L1) and
K2(R2), respectively. Kobs is the average second-order equilibrium constant for
binding of two Arc dimers to the intact operator. K3 = Kobs/K2. K5 = Kobs/K4.
The affinity of Arc for the left or right half-site is increased by approximately
5,900-fold when the other half-operator site is occupied.
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CHAPTER 4
Scanning Mutagenesis of Arc Repressor as a Functional Probe of
Operator Recognition
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INTRODUCTION
Protein-DNA and protein-protein interactions are central to most
biological regulation, and yet our understanding of these macromolecular
recognition events is still incomplete. Both types of interactions are critical
for the function of P22 Arc, a bacteriophage repressor1' 2. Arc dimers use an
antiparallel -sheet for DNA recognition3' 4, but a stable Arc-operator complex
also requires the cooperative binding of two dimers to form a DNA-bound
tetramer 5. The crystal structure of the Arc-operator complex has been solved
recently 4. While this structure provides an atomic view of the interaction
between Arc and its operator DNA, many questions remain. What is the
relative energetic importance of different types of contacts? Are there a few
critical interactions? Are indirect effects important and, if so, how? Can
regions of the protein that are disordered in solution make a net contribution
to recognition and binding affinity?
To address these questions, we constructed single alanine substitution
mutations at nineteen different residues of Arc that form most of the protein-
DNA interface and dimer-dimer interface and assayed the operator binding
properties of the corresponding mutant proteins. Fig. 1 shows the sites of
mutation relative to the secondary structure of Arc and in the protein-DNA
complex. These mutagenesis studies, in combination with the cocrystal
structure, provide a clear picture of the functional determinants of DNA
recognition in the Arc system.
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MATERIAL AND METHODS
Most of the methods presented here are described in more detail in
chapters 2 and 3.
Mutagenesis and Protein Purification: Mutations were constructed by
standard methods of site-directed cassette mutagenesis in arc genes containing
the st6 or stll C-terminal extensions. These extensions allow affinity
purification and also decrease intracellular degradation of many mutant Arc
proteins 18. Each mutant variant was affinity purified to greater than 95%
homogeneity using nickel chelate columns and chromatography on SP-
Sephadex. The MA1 mutant was constructed by synthesis of a gene
containing an additional alanine codon between the initiator Met and the
Lys2 codon. Post-translational processing of the N-terminal methionine 1 1 12
in this mutant results in the sequence Alal-Lys2-Gly3.... The expected N-
terminal sequences of the purified MA1, KL2, GA3, and MA4 proteins were
confirmed by automated Edman degradation; the expected compositions of
the MA1, KL2, KA6, RA13, and NA34 mutants were also confirmed by amino
acid analysis.
Gel mobility shift assays: Equilibrium binding and dissociation kinetics were
measured at 20°C in buffer containing 10 mM Tris-HCl (pH 7.5), 3 mM MgC12,
100 mM KC1, 0.1 mM Na-EDTA, 100 gg/ml bovine serum albumin, and 0.02%
Nonidet-P 40 as described (see chapters 2 and 3). The DNA sequence of the
21-base-pair 01 operator fragment is:
5' -atcgATGATAGAAGCACTCTACTATcg-3'
3'-tagcTACTATCTTCGTGAGATGATAgc-5 '
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The DNA sequence of the L1 half-operator fragment is:
5' -atcgATGATAGAAGCACgt-3'
3'-tagcTACTATCTTCGTGca-5'
The operator sequence in each is in capital letters; the central CG base-pair is
bolded and underlined. Oligonucleotides for these synthetic operators were
synthesized, purified and end-labelled by kinasing as described in chapter 3.
Footprinting Assays: Footprinting reactions were performed using a 130-base-
pair DNA fragment, which contains the wild-type arc operator from the immI
region of bacteriophage P22, at concentrations of 200-500 pM. This fragment
was generated by the polymerase chain reaction using an EcoRI fragment of
pMS20020 as template. The protein concentrations used were 1 gM for NA34
and 200 nM for all remaining proteins. An RA13 footprint was not observed
at a 1 M protein concentration. Hydroxyl radical cleavage and 1,10-
phenanthroline-copper cleavage were performed essentially as described 9' 10
although the concentrations of the reagents and the times of the reactions
were modified slightly. Experiments were performed at 220C in the same
buffer used for equilibrium and kinetic studies. Footprinting reactions were
electrophoresed on sequencing gels and exposed to a phosphor screen
(Molecular Dynamics). Traces of the footprints were obtained using a
PhosphorImager and the ImageQuant program (Molecular Dynamics). The
bands were identified by comparison with Maxam-Gilbert guanine
sequencing reactions.
136
RESULTS & DISCUSSION
DNA Binding and Footprinting Assays: Equilibrium binding of purified
mutant Arc proteins to DNA fragments bearing the wild-type operator site
(01) or left half-site (L1) was assayed in titration experiments monitored by
the gel mobility shift technique 5' 7. Curves for binding of several mutants to
the operator fragment are shown in Fig. 2a. Mutations can potentially affect
DNA binding by changing the intrinsic affinity of mutant Arc dimers for the
operator and/or by altering the stability of the dimer. To distinguish between
these possible effects, urea denaturation was used to determine the
equilibrium constant for the coupled folding and dimerization of each
mutant 8. This value, in turn, permits calculation of the intrinsic DNA-
binding affinity for each variant5 ' 7. As a second test of the direct effects of
mutations on DNA binding, the half-lives of the mutant protein-operator
complexes were determined6 ' 7. Data for several of the mutants are shown in
Fig. 2b. The interaction of each mutant protein with the wild-type operator
was also probed by hydroxyl radical cleavage9 and 1,10-phenanthroline-copper
cleavage 10 at saturating protein concentrations. These footprinting
experiments provide a means of comparing the solution structures of the
wild-type and mutant complexes.
Table 1 lists the changes in the free energies of operator binding
(AAGol), half-site binding (AAGL1), and folding/dimerization (AAGu), as well
as the half-lives (tl/ 2) of the protein-operator complex for the Arc variants.
Positive AAG values represent decreased stability or affinity compared to wild
type and vice versa. The mutants display a broad range of AAGol values,
with the most deleterious mutation reducing binding by more than 15
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kcal/mol. This value may seem extraordinarily large, but it is important to
note that each single mutation affects every monomer in the bound tetramer,
and thus may perturb as many as four sets of interactions with the operator
DNA. As expected, the AAGL1 values show a smaller range, since only two
monomers are affected when a dimer binds to a half-site. The half-lives of
the mutant protein-DNA complexes also encompass a considerable range,
from less than a few seconds to greater than four hours. In general, there is a
reasonable correlation between the values of AAGo1, AAGL1, and tl/ 2 for each
mutant.
Of the nineteen mutants studied, eighteen show the same hydroxyl
radical footprint as wild-type Arc (Fig. 3a and 3b) and fourteen show the same
1,10-phenanthroline-copper footprint (Fig. 3c and 3d). The RA13 mutant did
not give a footprint with either reagent, while the MA4, QA9, NAll, and
NA34 mutant complexes showed differences in the pattern of 1,10-
phenanthroline-copper enhancements (Fig. 3d). Both footprinting reactions
probe the interaction of proteins with the DNA backbone since cleavage is
initiated by attack on the deoxyribose sugar9' 10 . We assume that mutants
with wild-type footprints contact the DNA backbone in the same manner as
wild-type Arc. Because the MA4, QA9, NAll, and NA34 mutants show
normal hydroxyl radical protection but subtle differences in the sites or extent
of 1,10-phenanthroline-copper enhancement, we believe that these mutant
complexes undergo relatively minor changes in structure that increase the
accessibility of the sugar Ci' atoms in the minor groove to 1,10-
phenanthroline-copper 10 .
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Mutations affecting direct contacts: Alanine substitutions at Gln9, Asnll, and
Argl3 cause severe reductions in the free energy of operator binding and
decrease the half-life of the complex from roughly 100 min to one min or less
(Table 1). Each of these side chains is part of the P-sheet DNA binding motif
and forms hydrogen bonds with DNA bases4. The RA13 mutation shows a
much greater binding defect (greater than 15 kcal/mol) than either QA9 or
NAll (ca. 5-6 kcal/mol), but the severity of these defects does not correlate in
any simple fashion with the number or type of contacts made by these side
chains in the cocrystal structure.
Mutations at Met4, Ser5, and Arg23 also decrease binding affinity. Met4
makes a hydrophobic base contact, while Ser5 and Arg23 contact phosphate
oxygens4 . However, in contrast to the 5-sheet mutations, these mutations
have smaller equilibrium effects and cause smaller decreases in the kinetic
stability of the protein-DNA complex. The half-lives of the MA4 and RA23
complexes are about 25 min, while the half-life of the SA5 complex is about 90
min.
Mutations affecting cooperativity and linkage: Many Arc side chains play
important functional roles in binding but do not contact the DNA directly.
Arg31 mediates a cooperativity contact, involving hydrogen bonds across the
tetramer interface4. The RA31 mutation reduces binding to the whole
operator by 4.3 kcal/mol, but does not reduce binding to the half-operator
fragment (Table 1). Several observations suggest that Arg31 is the primary
determinant of cooperativity, linking the DNA-binding energies of the two
Arc dimers in the protein-DNA complex: (i) dimer intermediates are
populated in the RA31-operator binding reaction; (ii) the reduction in binding
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free energy caused by the RA31 mutation is within error of the total
cooperative binding energy for wild type (ca. 5 kcal/mol)5 ; and (iii) the half-
life of the RA31-operator complex is reduced to a few seconds, essentially the
same value measured for dissociation of the wild-type dimer from an
operator half-site5.
Another class of linkage contacts couples the DNA-binding energies of
different regions within the same Arc dimer. For example, the side chain of
Asn34 links the DNA phosphate contacts made by the main chain -NH's of
Val33 and Asn34 in helix B to the major groove contacts made by the [5-sheet
residues 4 (Fig. 4). The NA34 mutation reduces operator binding by 6.0
kcal/mol and reduces tl/ 2 to less than a few seconds. In another example,
Met7 in the N-terminal arm packs against the body of the dimer, thereby
coupling the DNA contacts of the N-terminal arm to those made by the rest of
the dimer. Metl plays a similar role but, in addition, may mediate some
cooperative interactions between dimers. Mutations at either of these
positions decrease operator binding by roughly 5 kcal/mol and cause a
corresponding decrease in half-life.
Conformational effects: A second category of indirect mutations appears to
alter protein conformation and thus affect operator affinity. The mutations at
Gly3 in the arm and Pro8 at the start of the P-strand reduce binding
substantially (ca. 5 kcal/mol) and decrease complex half-life. These mutations
alter the steric restrictions of the backbone. Gly3 has a positive angle and is
part of a tight turn in the protein-DNA complex4 . Alanine cannot assume
the same conformation. We believe that the PA8 mutation also results in
conformational changes because the mutant dimer is significantly more stable
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than the wild-type dimer (Table 1). Because the · angle of alanine can sample
a much wider range of values than proline, the PA8 mutant may also incur a
greater entropic penalty in binding DNA.
Surprisingly, the SA32 and VA33 mutations increase the affinity of the
mutant proteins for both the whole operator and the operator half-site and
increase the half-life of the mutant-operator complexes (Table 1). The
enhanced DNA binding of the mutants probably results from minor
structural rearrangements which improve the contacts between the main
chain -NH's of Val33 and Asn34 and the DNA phosphates 4 . The SA32, VA33,
and PA8 mutants are interesting examples in which a change in stability
offsets a change in binding affinity. Specifically, for the SA32 and VA33
mutants, increased binding affinity is gained at the expense of decreased
protein stability. For the PA8 mutant, the opposite is true. These data suggest
that the wild-type Arc sequence may represent an evolutionary compromise
between protein stability and operator binding affinity.
Other mutant categories: The arm mutants KL2 (which was studied because
KA2 results in post-translational removal of Metlll 12 ) and KA6 have modest
DNA-binding defects that may be caused by the loss of a positive charge in the
general vicinity (ca. 5 A and 7 A, respectively) of the DNA phosphates.
Neither side chain interacts directly with the DNA nor with the rest of the
protein in the cocrystal structure4 . The NA29, SA35, and QA39 mutations
alter side chains in or near the tetramer interface4 and yet cause only minor
effects on DNA binding (Table 1). Notably, the Ser35 side chain is partially
buried in the interface and Gln39 in one dimer forms a hydrogen bond across
the tetramer interface.
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Conclusions: Biochemical studies of mutants and crystallographic studies of a
wild-type complex provide complementary views of a macromolecular
interaction (for example, see refs. 13-16). Mutational studies can indicate the
functional importance of a residue but cannot distinguish between direct and
indirect effects. Structural studies can reveal direct versus indirect contacts
but cannot establish the functional relevance of such interactions. From a
structural perspective, the Arc protein-DNA interface is composed of an
intricate array of hydrogen bonds, van der Waals interactions, and salt
bridges 4 . The results presented here show that there is a wide range in the
functional significance of these interactions. The base interactions of the 0-
sheet residues are very important, whereas other DNA contacts such as the
hydrophobic contact of Met4 and the phosphate contacts made by the side
chains of Ser5 and Arg23 are far less important. Even among the 5-sheet
DNA-binding residues, there is a hierarchy of functional effects. For example,
the Argl3 side chains, which make a set of asymmetric contacts with the
operator DNA, are significantly more important in an energetic sense than
the Gln9 side chains, which make symmetric operator interactions4
The N-terminal residues of the Arc dimer are disordered in solution3
but assume fixed conformations when they contact the operator in the
protein-DNA complex4. Similar disorder-order transitions occur when other
DNA-binding proteins, such as X repressor, the en and a2 homeodomains,
and GCN4 bind to their DNA sites (for review, see ref 17). In each of these
cases, there must be some energetic cost associated with the folding of the
disordered regions. For the Arc-operator complex, there are two observations
which indicate that the energetic cost required to fold the N-terminal arms is
substantially less than the benefit gained from the resulting contacts between
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the folded arms and the operator DNA. First, mutations in the arm cause
significant DNA-binding defects, indicating that the arm contributes favorably
to the net free energy of operator binding. Second, even the most severe arm
mutants show wild-type hydroxyl radical footprints. Since many of the sugar-
phosphate positions are protected from hydroxyl radical attack by contacts
from the arm, this observation indicates that even the mutant arms remain
folded against the operator DNA backbone.
A central finding of this work is the extent to which side chains that
connect different parts of the Arc-operator complex are functionally
important. As shown in Table 1, mutations in the linkage class can be as
severe as many mutations which affect DNA contacts directly. The
cooperative linkage between the DNA-binding energies of two Arc dimers is
clearly important. Equally important, however, are the linkage of the 5-sheet
major groove contacts to the phosphate contacts made by residues at the
beginning of helix B, and the linkage of the 5-sheet contacts to the DNA
contacts made by the N-terminal arm. Furthermore, the defects associated
with perturbation of many of the direct DNA contacts may also involve
linkage to some extent, because the side chains of the It-sheet DNA binding
residues form hydrogen bonds with each other as well as with the DNA
bases4 . Overall, these results suggest that the process of Arc-operator
recognition depends not only on the ability of different structural motifs to
make specific interactions with the DNA but also depends critically on the
ability of the protein to couple effectively the individual binding energies of
these motifs.
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Table I: A summary of the half-life, operator binding (AAGol), half-site
binding (AAGL1) and stability (AAGu) values for mutants. Mutants marked by
t contain the stll tail; the others contain the st6 tail. AAG values were
calculated relative to the AG value of the appropriate Arc-st6 or Arc-stll
parent. For binding of two dimers to the 01 operator, AGol was 31.3 kcal/mol
for Arc-st6 and 30.9 kcal/mol for Arc-stll; for binding of a dimer to the L1
half-site, AGL1 was 13.4 kcal/mol for Arc-st6 and 12.8 kcal/mol for Arc-stll;
for dissociation and unfolding of the dimer, AGu was 10.1 kcal/mol for Arc-st6
and Arc-stll. The half-lives of the 01 complex of Arc-st6 and Arc-stll were
100 min and 150 min, respectively. The lower limit of detection for the half-
life assay is a few seconds. The standard deviations of AAGo1, AAGL1, AAGu,
and t/2 values are estimated to be + 1.5 kcal/mol, + 1.2 kcal/mol, + 0.5
kcal/mol, and + 30%, respectively.
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TABLE 1
half-life
01 complex
AAGo 1 AAGL1
kcal/mol kcal/mol
Direct contact mutants
MA4
SA5
QA9
NAll
RA13
RA23t
26 min
92 min
1 min
1 min
< 2 sec
22 min
3.8
1.7
5.7
6.9
> 15.0
2.5
1.1
1.3
1.8
2.0
> 6.0
0.2
-0.1
0.2
0.2
-0.8
-0.2
0.3
Cooperativity and linkage mutants
MA1 2 min 5.0 0.1 -0.2
MA7 11 min 5.1 1.9 0.5
RA31t < 2 sec 4.3 -0.3 3.3
NA34t < 2 sec 6.0 3.2 -0.5
Conformational mutants
GA3 3 min 5.0 1.0 0.0
PA8 37 sec 5.1 1.0 -2.5
SA32t 470 min -2.1 -2.3 3.1
VA33t 330 min -2.7 -2.3 2.1
Other categories
1.4
3.6
-0.8
1.3
QA39t 110 min
Mutant
AAGu
kcal/mol
KL2t
KA6
NA29t
SA35
21 min
11 min
98 min
48 min
0.6
1.3
-1.0
-0.2
-0.1
-0.2
2.2
-0.1
-0.3-0.9 -0.4
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Figure la: Sites of mutations. Residues shown in one letter code are sites of
substitution. The secondary structure of Arc is indicated in schematic form.
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Figure lb: (next page) Sites of mutations. Mutated residues are colored
differently in each monomer of the Arc tetramer-operator complex4 .
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Figure 2a: Equilibrium binding of Arc-st6 and variants to the 01 operator
fragment. The solid lines are best-fit theoretical curves.
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Figure 2b: Dissociation kinetics of protein-Ol complexes. Note that the ordinate
is a logarithmic scale. The solid lines are best-fit theoretical curves. See Materials
and Methods, and the Table 1 legend for details of the assays and fitting.
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Figure 3a & b: (next page) a, Hydroxyl radical protection on the top strand of
the arc operator for wild-type Arc-st6 and the QA9-st6 mutant. The dotted lines
indicate the left edge, center, and right edge of the operator sequence,
respectively. b, Representation of the positions of strong, moderate, and weak
hydroxyl radical protection protection are shown as solid, shaded, and open
squares, respectively. Wild-type Arc19 and each of the mutants (except RA13)
displayed identical protection patterns. The operator sequence extends from
base 1 to 21.
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Figure 3c & d: (next page) c, Positions of 1,10-phenanthroline-copper
enhancement and protection on the top strand of the operator for wild type Arc-
st6 and the QA9-st6 mutant and operator alone. The dotted lines indicate the left
edge, center, and right edge of the arc operator sequence, respectively. d,
Representation of the positions and extent of 1,10-phenanthroline-copper
enhancement and protection for different protein-DNA complexes. Larger
arrows indicate greater cleavage. Solid circles are unprotected positions that
show no enhancement. The remaining bases within the brackets are positions of
protection. The MA1, KL2, GA3, SA5, KA6, MA7, PA8, RA23, NA29, RA31,
SA32, VA33, SA35 and QA39 mutants showed the same pattern of enhancement
and protection as wild-type.
156
C
Wild type
QA9
I I
DN, alone I f,;,l,"?DNA alone
d
Wild type and
most mutants
MA4 and NA34
1 11 21
I ae I ewe I .TtATGATAAGCACTCTACTATA
GTACTATCTTCGTG GATA G
1 4 11 21
TG ATGATAGAAGCACTCT ATA
TCTTCGTGX TGATA
.I e mee~ee0e
1 l 11 1 21
QA9 T1TGA GCACTCTC TATA 
CTGTACTTCTTCGTG~AGATGATArG
.I *VVe L l 21
ATGATAGAAGCACTCT CTATAT
iCTGTACTATCTTCGTGATGATAAAG/~~~~0
157
Val 33
Helix-B
0o Asn 34
I ..
o
0-s I I
I. IIi
I I OD1
01P
et
02P
3'1
N7
NH1
Gua 8
Figure 4: The Asn34 side chain forms hydrogen bonds with the peptide
backbone of the P-sheet, thereby linking the phosphate contacts made by the
peptide -NH groups of Val33 and Asn34 to the major groove contact made by
Arg134. Only the side chains of Asn34 and Argl3' are shown. This figure was
prepared using the graphics program PREMA (M.A. Rould).
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CHAPTER 5
Cooperativity in Arc Repressor Binding
159
The work in this thesis examines the operator binding reaction of P22
Arc repressor, a small, single domain DNA-binding protein. In solution,
unfolded Arc monomers are in equilibrium with dimers; there is no
evidence for a stably folded monomeric intermediate (Bowie & Sauer, 1989a;
Milla & Sauer, 1994). Arc binds to its 21-base-pair, pseudo-symmetric operator
as a tetramer. The binding reaction is highly cooperative under the assay
conditions used because the primary species at the protein concentrations at
which binding occurs is a monomer, and because binding of a dimer to a half-
site significantly increases the affinity of the other half-site for a second dimer.
Tetramers are ruled out as a significant binding species based on a kinetic
argument. Tetramers do not form in solution even at millimolar
concentrations of Arc (Vershon et al., 1985), therefore, given a tetramerization
constant of > 1 mM, the rate at which solution tetramers would have to bind
operator exceeds the diffusion limit of association by roughly five orders of
magnitude. Thus, the binding reaction involves several coupled equilibria:
monomers undergo dimerization and dimers bind to the operator (for
diagrams modelling the binding reaction, see figs. 2 and 9 in chapter 3). The
interaction energy contributed by the cooperative binding of two dimers is -5
kcal/mol. The result is that the tetramer-operator complex is long-lived.
More specifically, the "cooperatively" bound dimer is kinetically stabilized
compared to a "noncooperatively" bound dimer as a result of the interaction
between dimers.
Biochemical analysis of single alanine mutants of Arc, in combination
with the recently determined cocrystal structure of the Arc tetramer-operator
complex (Raumann et al., 1994b) indicate that Arg31 is a major component of
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the cooperative interaction between dimers. This residue is in a loop between
two helices and forms hydrogen bonds to the backbone carbonyl of Asn29 in
the adjacent dimer. The Arg3l-Ala mutant binds to the operator with greatly
reduced affinity, a dimer-bound intermediate is detected in the gel shift assay
and the tetramer-operator complex is kinetically unstable. The dramatically
reduced staability of RA31 is apparently due to the disruption of a triad of salt
bridges between Arg31, Glu36 and Arg40 (Raumann et al. 1994b). Although
cooperativity mediated through the DNA has not been directly addressed in
this work, it seems a likely possibility given the observed DNA deformations
in the cocrystal structure (Raumann et al., 1994b).
Analysis of other alanine mutants at residues in or near the Arc-DNA
interface, or the dimer-dimer interface, reveals that linkage of DNA-binding
units within a dimer is also a critical component of high affinity DNA
binding. For instance, mutation of Asn34, a residue which connects the
phosphate contacts of helix B to the base-specific contacts of the ,8-sheet,
reduces binding as much or more than mutations at direct contact residues.
This intramolecular linkage is, however, apparently not imporatnt to stability
as AGu is only modestly affected by the mutation. Similarly, mutations which
affect the packing interaction between the N-terminal arm and the body of the
protein reduce affinity. Thus, Arc-operator binding involves formation of
base and phosphate contacts, linkage between the structural elements
involved in these contacts, the conformational integrity of the dimer and the
cooperative interactions between bound dimers.
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FUTURE DIRECTIONS
Most well-characterized DNA-binding proteins belong to families that
employ a-helices for DNA recogntion (Pabo & Sauer, 1992). Proteins that
employ a -sheet for DNA recognition have only recently been identified
(reviewed in Phillips, 1991). Of these -sheet proteins which bind using the
major groove of DNA for recognition, P22 Arc repressor is probably the best-
characterized, having been the subject of extensive mutagenic, biochemical
and biophysical studies (Vershon et al., 1986; Vershon et al., 1989; Bowie &
Sauer, 1989b; Knight & Sauer, 1989; Breg et al., 1990; Raumann et al., 1994a;
chapters 2, 3 and 4). Other members of the family of [3-sheet proteins to which
Arc belongs are the bacterial proteins MetJ and TraY, and another P22
repressor, Mnt. These proteins contain the same basic protein structure as
Arc (the (aa))2 fold), yet have interesting differences in the details of their
DNA binding (reviewed in Raumann et al., 1994a ).
Arc and MetJ: In the cocrystal complexes of Arc and of MetJ (Somers &
Phillips, 1992; Raumann et al., 1994b), one protein dimer can be superimposed
on the other by a rotation about the two-fold axis passing through the center
of the operator site, or by translation along and rotation about the DNA axis.
The translation/rotation operation would generate a third cooperatively-
bound dimer, another event would generate a fourth cooperatively-bound
dimer, and so on. This explains the cooperative binding of MetJ to its various
binding sites which contain two or more tandem arrays of its 8-base-pair
binding site (for review, see Phillips et al., 1993). Would this also be true for
Arc, given an appropriately constructed operator site? That is, if a third Arc
half-site is positioned appropriately to Oar, does it result in a third Arc dimer
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binding cooperatively? The correct spacing for appropriate positioning
probably depends on the number of base-pairs separating the centers of the
half-sites since the relative position of the two bound dimers is basically
determined by this "distance". For MetJ, this spacing is eight base-pairs while
for Arc, it is eleven base-pairs.
As described in chapter 1, the spacing difference between the Arc and
MetJ operators results in two different dimer interfaces in the tetramer-
operator complexes. The MetJ dimer interface is made by the anti-parallel
alignment of helices (helix A) whereas in Arc, the dimer interface is formed
by a loop from each dimer (see figs. 8 and 9 in chapter 1). There are two
questions which can be asked with regard to the half-site spacing.
First, how sensitive are the cooperative interactions between DNA-
bound dimers to the spacing of the half-sites? The Arc operator is a
21-base-pair, pseudo-symmetric sequence. The sequence identity of the
central base-pair is not critical to binding, however, binding is dramatically
reduced when the central base-pair is deleted (Vershon et al., 1989). With this
mutant operator, is cooperativity of binding completely lost or just reduced?
Is there negative cooperativity due to steric occlusion? How or is cooperative
binding affected when a second central base-pair is inserted? An extension of
this type of experiment is to ask if two half-sites separated by an integral turn
of DNA helix can be bound cooperatively by Arc repressor. Performing the
same experiment with MetJ may address the issue of the flexibility of these
protein-protein contacts which mediate cooperative binding for these two
proteins.
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A second issue is the observation that the different binding-site spacing
appears to be accommodated by different dimerization contacts (a similar
situation occurs for the steroid hormone receptors). This relationship in Arc
and MetJ could be tested by mutating the appropriate residues in helix A of
Arc to those found at the corresponding positions of MetJ, and asking if
binding specificity by Arc can be changed to recognize the MetJ spacing of the
half-sites. One could further ask whether these different dimer interfaces
could be employed simultaneously.
Arc and Mnt: Mnt is a second P22 repressor which negatively regulates ant
transcription during lysogeny (reviewed in Susskind & Youderian, 1983). It
shares 40% homology with Arc repressor but Mnt has an additional thirty C-
terminal residues and is a stable solution tetramer at picomolar
concentrations (Sauer et al., 1983; Vershon et al., 1985). Residues 1-48 of Mnt
assume the same (aa)2 fold as Arc and the additional C-terminal residues
seem to be helical (Breg et al., personal communication). Mutagenesis studies
show that the residues which permit stable tetramer formation are located in
this C-terminal region of Mnt (Knight & Sauer, 1988).
Is this C-terminal region of Mnt a separable oligomerization
domain, somewhat reminiscent of X repressor? Limited protease digestion of
Mnt yields two fragments (C. Waldburger, personal communication), and
characterization of these fragments is currently underway. A complementary
experiment is to add the additional C-terminal sequences of Mnt to Arc and
determine if Arc then forms solution tetramers. If so, how does this affect
DNA binding in vitro and in vivo? It would be interesting to assess the effect
of the Arg31-Ala mutation in such an Arc tetramer background. Is specificity
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affected? Are half-site spacing requirements the same as in wild-type Arc? It
might also be interesting to determine if the Mnt residue (Arg28) which is
equivalent to the Arc cooperativity contact (Arg31) contributes to the stability
of the Mnt tetramer and to examine spacing requirements for such an Mnt
mutant.
One of the notable regions of sequence homology between Arc
and Mnt includes the -sheet residues, including two of the three base specific
contacts. Yet these two proteins bind to significantly different operators
suggesting that these conserved residues make different DNA contacts. Do
the additional Mnt protein-protein contacts impact on binding specificity, as
appears to be the case with the steroid hormone receptors? It is appealing to
hypothesize that the oligomerization contacts influence specificity by
orienting the conserved residues so they recognize one but not the other
operator.
An obvious question arises: what is the biological reason that
Mnt is a stable tetramer, and consequently does not bind its operator site
cooperatively, and Arc is dimeric but cooperatively forms a tetramer on the
DNA? There are several possible explanations. Given the high homology of
the two proteins, it is possible that they could form mixed dimers. This could
be precluded by the stable tetramerization of Mnt. A second, non-exclusive
explanation could be that tetramerization is advantageous under the
conditions of lysogeny since such stable Mnt tetramers means maintainence
of ant repression does not require a high protein concentration. The fact that
Arc repression of ant expression does require a higher protein concentration
may be necessary to assure sufficient production of antirepressor. Since both
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genes are transcribed from Pant and Arc occupancy of 0 arc represses Pant,
antirepressor is transcribed until the Arc concentration is high enough to
occupy arc.
The recent discovery of DNA-binding proteins that use a -
sheet to bind DNA is very exciting. The on-going characterization of the
([aa) 2 family, with its four members, should be interesting both in terms of
general principles of protein-DNA recognition, as well as the role of protein-
protein contacts in sequence-specific DNA binding.
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